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ABSTRACT

Akyuz, M., 2002, Positive streamer discharges in air and along insulating surfaces: experiment and
simulation, Acta Universitatis Upsaliensis, Comprehensive Summaries of Uppsala Dissertations from
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The power quality of modern society relies on the electrical properties of the dielectric insulators used
in the power industry. Much research work has been conducted with an aim to understand and predict
the insulating behaviour of such materials under different kinds of atmospheric conditions, but still
there are many unsolved problems. In particular, there is a lack of knowledge concerning the
electrohydrodynamic and electrophysical processes at the insulator surface and the surrounding
medium. No detailed knowledge exists at present of the processes governing the development of
electrical discharges along the surface of insulators.

With an aim to enhance the knowledge in this field in general and on the electrical performance of
outdoor insulators in particular a detailed study of the positive streamer discharges in air and along
dielectric surfaces was conducted. The study was also extended to gain more knowledge on the water
drop initiated electrical discharges in air and the attachment of natural lightning flashes to a Franklin
conductor.

In the first phase, the study was focused on positive streamer discharges propagating in air. The spatial
distribution of the charge of a branched streamer discharge was obtained and the charge contained in a
single streamer branch was quantified. In the second phase measurements and simulations of streamer
discharges propagating along insulating surfaces were conducted with an aim to understand how the
insulating surfaces interact with streamer discharges. In addition to quantifying the parameters of
streamer discharges propagating along insulating surfaces, the results of these studies made it possible
to separate and quantify the effects of the dielectric constant and the surface properties on the streamer
discharges. In the third phase a comprehensive computer algorithm was developed to simulate 3-
dimensional propagation of positive streamer discharges in air and along dielectric surfaces taking into
account the branching effect. 

The conditions necessary for the initiation of streamer discharges were applied to obtain the minimum
strength of the background electric field required to initiate electrical discharges in the presence of
water drops. In particular the study provided an explanation of how lightning flashes are initiated in
thunderclouds in background electric fields as low as 200 kV/m. Finally, the study was extended to
understand the performance of lightning conductors paying special attention to the influence of
conductor radius and the streamer inception criterion. 
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1. Introduction

1.1 General background

Modern society is inevitably entering the era of information technology, where the use of

computer systems and electronic equipment is becoming more and more frequent. However,

since the electronic devices also at the same time are becoming more sensitive there are

higher demands on the quality of electric power delivered to the consumers. It is a matter of

reliability, safety and cost-effectiveness for the whole society that the electric power delivered

holds a high quality without disturbances or interruptions. 

In many practical situations it is found that the quality of electric power is determined by the

performance of the insulating elements used in the high power generation and transmission

utilities. The main purpose of these elements is to increase the withstand level of the systems

and to act as mechanical support that separate the high voltage parts from the low voltage side

(or ground). However, since the generation and consumption of electric power are seldom

located at the same place the electric power must be transported long distances, whence this

means the insulators will most probably be exposed to atmospheric conditions like rain, fog,

air pollutants etc.

The traditional materials used for outdoor insulation have until recently been glass and

porcelain. They have a long record of use and their long-term properties are well known.

However, insulators made from these materials are heavy, brittle and complicated to

manufacture (especially in large sizes). In recent years, therefore, there has been a trend to

replace these insulators with polymeric materials (like EPDM and silicon-rubber). These new

materials are easier to manufacture and there is a large flexibility in the choice of properties.

They can, for example, be designed to be resistant to sunlight, temperature variations, or be

water-repellent.
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Although the withstand performance of outdoor high voltage insulators has been extensively

studied throughout the years there is still no comprehensive physical understanding of the

different processes and interactions taking place. In particular, there is a lack of knowledge on

the electro-hydrodynamic behaviour of macroscopically large particles like water drops in the

presence of high electric fields [1, 2]. Furthermore, the electrophysical and electrochemical

interactions in such a system are not yet fully understood. For example, the presence of salt,

acid or bases on the surface of an insulator will change the chemical composition and lead to

degradation of the material. In addition, there is little understanding of the physical

mechanisms that determine the lifetime of the insulators in service in an outdoor environment.

There is, of course, a gradual decrease in the problems with a reduction of the ‘pollution

level’. The simplest situation is obviously a clean insulator with no pollutants in the vicinity

of and on the insulator surface. The mechanism governing the electrical discharge along an

insulator surface include the complex interaction between the electrical discharge itself, the

insulator material (both surface properties and bulk characteristics) and the surrounding gas.

All of this, because of the simple fact that the discharge will not appear inside the insulator

material but will propagate along the insulator surface in the intermediate medium. However,

although this situation of a clean insulator might reduce the number of factors involved that

determine the discharge process, the problem is also today still not solved [3, 4]. 

Due to the higher demands on the reliability of electric power and the trends of using

polymeric materials, there has recently been initiated a large-scale and long-term research

project in Sweden, entitled High performance outdoor electrical insulation (ELIS) [5]. The

project is supported by the Swedish Foundation for Strategic Research (SSF) and involves the

collaboration between major universities and the power and electrical manufacturing industry.

The main objective of the research program is to increase the development of polymeric

materials for outdoor electrical insulation. The work presented in this thesis is one part of that

ongoing research.
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1.2 Formulation of main goals of thesis

As explained above in the general background there is today a lack of knowledge of the

performance of high voltage insulators used outdoors. In this thesis both experimental and

theoretical work has been conducted to enhance the knowledge in the field. In particular, there

has been a focus on the following specific research project:

•  Investigation of the pre-breakdown phenomena (streamer discharges) in air and in air

along a clean dielectric insulator surface (Papers: I-V)

In principle, if one is to predict the behaviour of high voltage insulators-both in the absence

and in the presence of atmospheric pollutant particles-one must investigate the characteristics

of pre-breakdown phenomena, like streamers. These processes, which always precede the

actual flashover, are initiated when the applied voltage in the system is approaching the

critical breakdown value. The goal of this research project was to understand the withstand

performance of insulators by studying what main parameters influence the initiation and

propagation characteristics of positive streamer discharges. We concentrated on positive

streamer discharges because it is known that positive streamer breakdown requires less field

stress than a negative one. In the first two published papers investigations have been

performed on streamer discharges propagating in air only, under normal atmospheric

conditions. The main objective of these two studies was to gain knowledge of the nature of

streamer discharges in air by combining experiments and simple computer simulations. In the

two last projects we started to introduce an insulator surface into the electrode system and by,

again, comparing simulation results with measurements we searched for a better

understanding of the interaction between the surface and the streamer discharge. The aim was

to develop and formulate a theoretical simulation tool which can be used to better predict the

behaviour of streamer discharges under the various conditions. The final paper is the result of

such preliminary efforts. Here, we present a comprehensive computer algorithm to simulate

the 3-dimensional propagation of positive streamer discharges in air and along dielectric

insulator surfaces taking into account also the streamer branching effect. The elaborated

computer algorithm is based on physical and deterministic criteria which can be studied either

all together or one at a time to see how the characteristics of the streamer propagation is

affected. Although the model is not fully developed yet to take into account all the various
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processes when propagating in air and along an insulator surface, it is possible to implement

them into the computer code later on. The final outcome would be a self-consistent and

physically adequate computational tool to simulate and predict the behaviour of streamer

discharges propagating in air and along dielectric surfaces. 

Besides the first project, which forms the subject of the majority of this thesis, there has also

been conducted work on the following two minor projects:

•  Investigation of water drop initiated discharges in air (Paper: VI)

•  Investigation of the conditions for inception of a connecting leader from a lightning

Franklin conductor (Paper: VII)

These last two subprojects are in principle applications of the knowledge gained and models

developed for streamer discharges in the first main project. 

The primary goal of the second project listed was to increase our understanding of the

electrohydrodynamic interaction between water drops in a background field. It is known that

in electric fields water drops become deformed, charged, and eventually move in space. In

this investigation, which is based on numerical simulations, single and multiple water drops

are placed in a uniform electric field and the conditions under which streamer discharges are

initiated and bridge the individual drops are evaluated. The findings are obviously applicable

to the initiation of a flashover on a high voltage insulator subjected to rain. However, in this

case, the motivation for the conducted work was actually to answer the following intriguing

question: What is the role of water droplets in the initiation of lightning flashes? Indeed, there

has been much research aiming to reveal the initiation mechanisms of lightning. It is known

that lightning flashes start in the lower part of the cloud where rain, ice and water vapour

coexist. In this work it is shown that the interaction of particles of precipitation in a

background field might trigger lightning.

The last of the subprojects listed deals with the attachment process of a natural lightning flash

to a Franklin conductor. The successful launching of a connecting leader requires the

inception of a streamer discharge from the rod and its transformation into a leader (i.e.
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streamer to leader transition). Here, the occurrences of these physical processes at the tip of

the Franklin rod are investigated by performing computer simulations of a lightning leader

approaching a Franklin conductor placed at ground level. Basically what we have done is to

quantify the conditions necessary for the initiation of a connecting leader using some of the

knowledge achieved from the streamer studies in the main project. Although the performed

simulations are very simple, the physical implications of the results are important and can

have big impact when a lightning protection system is to be installed in practice. Especially,

the work clarifies the importance of the shape and dimensions of the lightning conductors to

be used. Also, the work enlightens to some extent how to increase the efficiency of the

lightning protection rods.
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1.3 Structure of thesis

The thesis is divided into five main chapters. The first one is an overall introduction to the

subject, and includes the illumination of the fundamental problems. Also, in this chapter the

main ideas and objectives of the work are presented, and the motivation behind the different

papers is given. 

The second chapter is a review on electrical discharges in air. The chapter considers briefly

the various discharge processes occurring, with most weight laid on the so called streamer

mechanism. The information presented here will serve as background to the investigations on

streamer discharges in air and along insulator surfaces (Chapter 4).

Chapter 3 presents again a short and concise literature review, but this time on surface

discharges. The main purpose of this short survey is to summaries the work and research that

has been conducted in the field and, again, serve as a platform for Chapter 4.

Chapter 4 contains a summary of the five first papers in the list. The chapter contains a

discussion and presentation of the results and findings of the investigations on streamer

discharges in air and along insulator surfaces. Especially, the computer algorithm developed

to simulate the 3D propagation of the positive streamer in air and along different dielectric

surfaces is presented.

Chapter 5 and chapter 6 contain a summary of the last two papers listed.

The last chapter is a discussion of possible future work. The material presented here is

important since it discusses the potentiality for and limitations of a continuation of the work.
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2. Electrical discharges in air

2.1 Introduction

The electrical discharge is one of the most fascinating phenomena in nature. It has been

observed ever since the dawn of man in the spectacular scene provided by lightning and

thunder. Benjamin Franklin was the first person how discovered that the natural lightning is

nothing else than a huge electrical discharge brought about due to the charging of clouds in

the atmosphere. In this chapter, a general overview will be given on electrical discharges in

air. The first section, section 2.2, will consider some of the most important ionisation and de-

ionisation processes in an electrical discharge in air. The next section, section 2.3, deals with

electrical discharges taking place at low pressures (or at very small gap lengths). These

discharges are commonly referred to as Townsend discharges. In section 2.4, a presentation

will be given on electrical discharges taking place in air at atmospheric pressure. The

mechanism governing the discharge process here is the so called streamer mechanism. In this

section, we will outline the main ideas behind the streamer mechanism, present the different

models available, and the current status of the research on the topic. Finally, in the last

section, a short presentation is given on the mechanism of long sparks. The brief summary

presented here will aid in the understanding of the investigations presented in Chapter 6 on

the attachment process of a connecting leader from a Franklin rod.

Most of the material presented in this chapter can be found in the basic studies presented by

Loeb and Meek [1], Meek and Craggs [2, 3] and Loeb [4, 5].  Also the more recent material

by Gallimberti [6], Kuffel and Zaengl [7] and Bazelyan and Raizer [8] can be consulted.

Concerning the material presented in the last section on the mechanism of long sparks further

information can be found in the studies of the Les Renardi`eres Group [9-11]. References to

other sources are given where appropriate.
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2.2 Ionisation and de-ionisation processes in air

All electrical discharges are a result of ionisation and de-ionisation processes of the gas

medium. In the absence of a source of ionisation, the medium is in a more or less neutral state

(possibly at some excited states due to the nonzero surrounding temperature). However, with

the presence of a source of ionisation then the equilibrium between the ionisation and de-

ionisation rates will change. Many sources of ionisation exist which are capable to change this

equilibrium between the ionisation and de-ionisation rates of a gas medium. In the field of

discharge physics, the most important source is an applied electric field, where the medium is

in most cases ionised by the process of electron impact. The initiatory electrons can originate

from cosmic radiation and radioactivity, but may also be emitted photo electrically by

irradiating one of the electrodes. This section will present some of the most important

ionisation and de-ionisation processes. Also the reaction rate coefficients for the ionisation

and deionisation processes are defined.

2.2.1 Ionisation processes

Charged particles in a background field will in general experience a force in a direction

parallel to the electric field. As a result, in addition to the random motion, the charged

particles will accelerate under the influence of the electric field and make collisions here and

there with the gas atoms of the medium. This will result in a loss of energy gained from the

electric field. The energy dissipation to the gas atoms increases with increasing drift speed of

the charged particles and the charged particles will finally obtain a certain constant speed

called the drift velocity. The ratio of the drift velocity to the electric field is called the

mobility of the charged particle. The electrical breakdown of gases occurs as a result of

collisions between electrons or photons and gas molecules. A collision process between two

particles can be defined as follows: if the relative distance between the two particles at first

decreases and then increases a collision has taken place if a physical change in either of the

particles has occurred during the process. Ionisation by electron impact is the most frequent

process in which positive ions and free electrons are generated. It is caused by inelastic

collision between target molecules and electrons with a kinetic energy above the ionisation

potential of the target molecule. Two of the many possible processes can be represented

symbolically by:
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e  +  AB  →  AB+  +  2e (direct ionisation)

e  +  AB  →  A  +  B+  +  2e (dissociative ionisation)

 

where A and B are either atomic or molecular species and the + subscript denotes ionised

species. The e stands for the electron. Ionisation by photon impact is another process in which

positive ions and free electrons can be produced. The process is very important in the

streamer propagation. The photo ionisation can be characterized symbolically by:

hυ  +  AB  →  AB+  +  e                          (photo ionisation)

where hυ represents the quantum energy of the incident photon. There exist other processes

which can increase the number of free electrons. Detachment, the liberation of an electron

from a negative ion, is another important example. (This process is the reverse of the

attachment process, see below on de-ionisation processes). Most probably the first seeding

electrons necessary for the initiation of an electrical discharge in air are produced by this

process. Detachment consists mostly of a collision in which a third body is involved in the

interaction. In air it is the excited nitrogen molecule which acts as the third body when

detaching an electron from the negative O2 ions.

Each ionisation processes and individual reaction can be described with a reaction rate

coefficient. The coefficient is defined as the gain of species per unit length. However, since a

huge amount of reactions occur in general, for practical reasons an average ionisation

coefficient α is defined, which represents all the reactions in most applications. The ionisation

coefficient α (or Townsend’s first ionisation coefficient) is defined as the average number of

ionisation collisions per unit length made by an electron moving in the direction of the electric

field. From kinetic theory, Townsend has derived an expression for the ionisation coefficient

α in air as a function of the electric field and pressure. It is given by the following relation:

)//( pEBeA
p

−⋅=α (2.2.1)

where p is the atmospheric pressure, E is the electric field and A and B are constants.

However, even though the predictions of the above equation are confirmed by experimental
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observations, it is not used in practice to evaluate the ionisation coefficient α in air. For air at

20° C the expressions tabulated in the following reference are used instead [12].

2.2.2 De-ionisation processes

The ionisation processes presented above are all resulting in the creation of free electrons.

However, in a volume of gas, whenever the oppositely charged particles (electrons and ions)

come closer in collisions they have also a tendency to recombine. This is especially important

in decaying plasmas and in high density discharges. Below are illustrated 2 possible modes in

which a recombination between an electron and an ion can take place.

AB+  +  e →  AB                                        (electron-ion recombination)

A+  +  e  →  A*  +  hυ                                 (radiative recombination)                            

A* denotes an excited state of the species A and hυ denotes again the quantum energy of a

photon. The excited species A* can come to the ground state by releasing another photon.   

Another important process in which free fast electrons can be lost in an electrical discharge is

attachment to electronegative gases (F, CL, O2, SF6, etc.). These atoms and molecules have a

tendency to attract electrons because they lack one or two electrons in their outer shells. Even

though the number of charged species will not be reduced in this way, the number of free

electrons that can contribute to the multiplication of electrons are reduced, which will

therefore effectively inhibit the electrical discharge in the medium.

In the same way as the average ionisation coefficient α was defined as the number of new free

electrons produced per unit distance of travel, one can define an attachment coefficient η as

the average number of lost electrons per unit length of travel. This parameter is again an

average of all reaction rates and all possible mechanisms in which electrons can be lost

(recombination, attachment, etc.).

As was explained before, there is always a competition between the ionisation and de-

ionisation processes in a given background field. The ionisation processes tend to increase the

number of free electrons whereas the de-ionisation processes attempt to reduce their number.
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The relative efficiency of the two competing processes depends on the magnitude of the

background electric field. In practice, (α-η) will give an effective growth rate for electrons

from all reactions involved. The term (α-η) is called the effective ionisation coefficient and is

expressed as α . Since cumulative ionisation is only possible if α > η the background electric

field should exceed this critical value in atmospheric air before electrical breakdown can take

place. This value is called the breakdown electric field in atmospheric air and it is about 2.6

MV/m (see more about this in the next section, section 2.3).
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2.3 Electrical breakdown at low pressures-Townsend mechanism

In 1889, F. Paschen published a paper, which set out what has become known as Paschen's

Law. The law, which is empirically found, essentially states that the breakdown

characteristics of a gap is a function (generally not linear) of the product of the gas pressure

and the gap length, usually written as V = f( pd ), where p is the pressure and d is the gap

distance. Townsend managed to explain this observation theoretically. The Townsend

mechanism apply at pd products less than 1000 torr*cm, or gaps around a centimetre at one

atmosphere. In this section a brief presentation will be given on the Townsend mechanism for

describing the electrical discharge process.

2.3.1 Townsend mechanism

Townsend was the first to study the variation of the electric gas current between two parallel

plate electrodes. By using a stabile UV-source to illuminate the cathode electrode (which by

the photoelectric effect ejected electrons from it) he ensured that there were always initiatory

electrons available in the gap during the application of the high voltage. Then, by measuring

the current in the circuit for varying voltages, he obtained the current-voltage relationship as

depicted in Figure 2.3.1.

Figure 2.3.1. The graph illustrates the current-voltage relationship obtained by Townsend.
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The proportional increase in the current from zero to V1 is the result of drifting of

photoelectrons towards the anode. These photoelectrons have been liberated from the cathode

surface by the UV-irradiation. In the region from V1 to V2 the field is sufficiently strong to

enable almost all the liberated electrons to reach the anode, but is too weak to cause any

multiplication of electrons by ionisation of the gas medium. Beyond V2 Townsend ascribed

the increase in the current to the ionisation of the gas by electron collisions. Defining n as the

number of electrons at distance x from the cathode in the field direction, the increase in

electrons dn in the additional distance dx is given by:

( ) dxndn ⋅−⋅= ηα (2.3.1) 

where (α-η) is the effective ionisation coefficient defined before in section 2.2. Integrating

from the cathode to the anode, the distance d, gives:

denn ⋅−⋅= )(
0

ηα (2.3.2)

where n0 is the number of primary electrons generated at the cathode. In terms of the current

leaving the cathode, this can be written as:

deII ⋅−⋅= )(
0

ηα (2.3.3)

As can be seen in equation (2.3.2) or (2.3.3), the number of electrons will grow exponentially

(in the opposite direction to the background field). This process is called an electron

avalanche. Note, also from equation (2.3.2) we see that cumulative ionisation is possible only

if α = (α-η) > 0. Figure 2.3.2 shows a schematic view of the charge distribution within the

avalanche. As can be observed, the avalanche has the shape of a rotational paraboloid. The

main reason for this is the radial diffusion and electrostatic repulsion of the electrons. Also,

since the electrons move about two orders of magnitude faster than the positive ions, by the

time the electrons have moved the distance x, the positive ions are almost motionless and are

distributed within the cone shaped region of the avalanche tail. The electrons, which are much

faster, are distributed within the front of the avalanche. 
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Figure 2.3.2. The figure shows a schematic illustration of an electron avalanche moving in an

electric field. The majority of ions are in the head of the avalanche.

In Figure 2.3.1 we can see that the increase in the current with the voltage is exponentially

only within some short interval of voltage beyond V2 (up to V3). Indeed, Townsend found that

with further increase in the voltage beyond V3, the current is increasing faster than

exponential growth. This second phase of the discharge was assumed by Townsend to be

caused by the ionisation of the atoms through the collision of ions. This explanation is

however not fully correct. Today we know that the right explanation is the additional

production of electrons by the collisions of positive ions with the cathode. As the voltage

increases the positive ions gain more and more energy until finally a stage will be reached in

which these positive ions will start to liberate electrons from the cathode electrode. The

following relation can be derived for the current when the bombardment of positive ions at the

cathode is taken into account:

( )

( )( )11
0

−⋅−
⋅= ⋅−

⋅−

d

d

e
eII ηα

ηα

γ (2.3.4)

where γ is defined as the average number of electrons released by the positive ions striking the

cathode. This parameter is called the Townsend’s second ionisation coefficient. In the above

equation it was assumed that the bombardment of positive ions at the cathode was the only

secondary ionisation process. However, in reality there are other processes besides the

positive ion bombardment that contributes to the release of electrons at the cathode. The

incidence of photons at the cathode electrode and the incidence of meta-stable ions are two

such important processes. Indeed it can be shown that irrespective of the secondary processes

under consideration the final expression for the current has the same form as equation (2.3.4).

+ + +
+ + + + + + + + + +
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 2.3.2 Townsend’s breakdown criterion

Note that I0 is the current generated by the ultraviolet radiation at the cathode. We can see

from equation (2.3.4) that in the absence of the UV radiation (that is I0 = 0) will make I = 0.

This means that if the source of UV light would be removed then the current will go to zero.

Thus the discharge is not self-sustained. According to Townsend the condition required for a

discharge to be self-sustained, is that the denominator in equation (2.3.4) becomes zero, that

is:

( )( ) 011 =−⋅− ⋅− de ηαγ (2.3.5)

We can see from equation (2.3.4) that when equation (2.3.5) is fulfilled, then the current I will

go to infinity. Of course in reality the current can not become infinitely large but is limited by

the external circuit and by the voltage drop within the arc. The meaning of equation (2.3.5) is

that each electron avalanche will have a repetitive successor, either due to positive ion

bombardment or due to photoemission events. This means that the discharge is self-sustained

and can continue in the absence of the I0 source. An alternative and more common expression

for Townsend’s breakdown criterion is the following:

( ) Kd =






 +=⋅− 11ln
γ

ηα (2.3.6)

where K is a constant. Since γ is a very small number (< 10-2), the K does not change too

much from one material to another.  For a Townsend discharge K is of the order of 8-10. In

non-uniform fields, e.g. in point-plane gaps, the field strength and hence α  vary across the

gap. The Townsend breakdown criterion will then take the following form:








 +=⋅∫ 11ln
0 γ
α

d

dx (2.3.7)

where d is the gap length and the integration over α  is taken along the line of the highest

field strength.
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2.4 Electrical breakdown at atmospheric pressures-Streamer mechanism

Researchers found by the early 1930s that the Townsend mechanism was not able to predict

the breakdown processes at atmospheric pressures and at distances over 1 cm. In order to

explain the breakdown processes at high pd-values researchers (Loeb, Meek [1] and Raether

[13]) developed the so called Streamer Mechanism. The new concept introduced was the

effect of space charge. The streamer discharge was considered to be a plasma channel which

propagated in a gas by ionising the medium in front of its charged head owing to a strong

field induced by the head itself. This section will present the main ideas behind the streamer

mechanism. Especially, a discussion will be given on the initiation and advancement of the

streamer and some important characteristics like the streamer velocity, radius, temperature

etc. However, also a presentation on the streamer breakdown condition and the minimum field

for streamer crossing will be given.

2.4.1 Avalanche to streamer transition

For large values of pd (pd > 1000 torr*cm), where p is the pressure and d is the gap distance

the Townsend theory can not explain and predict the observed discharge processes. Especially

the following shortcomings were not possible to be explained with the Townsend mechanism:

•  The time to breakdown is about 10-100 ns. This time is much shorter than the time it

takes for ions to move back to the cathode and create secondary electrons.

•  The breakdown voltage is independent of the cathode material. That is, the influence

of the parameter γ is not active anymore.

•  The discharge channels are sharp narrow and hot (up to 20 000 K). This is different

to the observed Townsend discharges, which are glowing, diffuse and cold.

Let’s examine the electric field distribution of the electron avalanche. As was illustrated in

Figure 2.3.2 the majority of the ions are located within the avalanche head. The number of

ions between 0 and distance x increases exponentially according to equation (2.3.2). Thus, it

can be expected that if the avalanche grows large enough (that is, the amount of charge

carriers at the avalanche head reach a critical value) then the space charge field developed at

the head will be sufficiently high to add to the background field distribution in the vicinity of
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the tip. The field in the avalanche head would then be capable to extend the avalanche in both

the anode and the cathode directions as channels of ionisation. This is then called a streamer

discharge. Figure 2.4.1 illustrates the first avalanche with the generation of successive

avalanches. As can be seen, due to the high space charge field in the avalanche tip, new

avalanches are initiated along the tail of the first one and are directed towards its tip. 

 

Figure 2.4.1 Illustration of the first avalanche and the generation of successive avalanches. 

Through experimental observations it has been found that the critical number of charge

carriers Nc at which an avalanche is transformed into a streamer is Nc ≈ 108 [13]. Assuming a

non-uniform field with only one electron placed at the distance x = 0, then the total number of

electrons at distance x can be evaluated according to [6]: 

( )∫
=

−
x

dx

en 0

ηα

(2.4.1)

where α and η are the ionisation and attachment coefficients given according to [12]. In most

practical applications one can use n = Nc ≈ 108 as the critical amount of electrons needed for

streamer inception. However, a better approximation is given by the following relations [6]:
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where Eg is the background electric field.
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2.4.2 Streamer propagation models

The propagation of the streamer is based upon the field distortion in the front of the streamer

head. Together with increased photon emission from the head a heavy ionisation will take

place which will extend the streamer as an ionised plasma channel. Figure 2.4.2 shows a

schematic representation of positive streamer advancement according to Gallimberti [14]. The

streamer is termed positive because it starts from the anode and propagates towards the

cathode. The region where the ionisation takes place is called the active region and the quasi-

neutral channel behind is called the passive region. As can be seen, the electrons at the front

that have been liberated by photons from the streamer head start to drift in the strong field

region, and create avalanches that drift into the front of the streamer. The drift of the

avalanches into the space charge front causes a neutralisation and the remaining avalanche

ions give an advancement of the streamer front. Behind the advancing streamer head is a

weakly ionised and almost neutral channel, along which the electrons produced in the tip flow

towards the anode. Note that in Figure 2.4.2, there is also indicated the boundary of the active

region. This is defined as the surface where the total field (space charge field + applied field)

is equal to 2.6 MV/m. Only those electrons liberated within this region can give rise to

electron avalanches since only within the active region is the ionisation probability higher

than the attachment probability, i.e α = (α-η) > 0.

Figure 2.4.2. Schematic illustration of positive streamer advancement according to

Gallimberti [14].
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There has been conducted many studies with the aim to simulate the space and time

development of a streamer. However, since there are so many reactions involved in the

discharge process it is impossible even with today’s computers to simulate the advancement

of the streamer at the individual particle level. In an attempt to overcome that, attention has

been focused on the species volume density. By using Boltzman’s transport equation a zeroth

order momentum equation (i.e. a continuity equation) can be derived for the different

involved species (electrons, positive and negative ions, excited species, etc.). Together, with

Poisson’s equation one will get a closed set of equations which can be solved. There has been

conducted several, one, two and even three-dimensional studies on the streamer development

[15-18]. However, due to the excessive computer power needed, many of these studies are

limited to very short gaps and/or short simulation times.

2.4.3 Characteristics of streamer discharges

The appearance of streamer discharges varies greatly, taking on many different forms that

depend on the voltage polarity and the gap configuration. The positive streamer appears

mainly as a diffuse track with a luminous head. It can be single but is in general branched.

Negative streamers appear to have much more complex structure. A typical streamer current

measured at the anode will have a rise time of about 10-50 ns and an almost exponential tail

with a decay time of about 200-500 ns. The amplitude of the current pulses varies

considerably for different cases, ranging from milliamperes up to several amperes. The light

emitted form the streamer originates from the recombinations and de-excitations which occur

at the streamer head. The radius of the streamer channel has been found to be of the order of

10-50 um. This value however corresponds to short streamers. The radius of long streamers

could be much larger than this because of expansion of the channel. The streamer length has

in principle no limit. It may grow as long as the gap and the voltage source permits.  

The gas temperature in a streamer discharge is close to ambient whereas the electron

temperature is much higher than the gas temperature. That is, in a streamer discharge we don’t

actually have a thermodynamic equilibrium. The main reason for the difference in

temperature between the gas particles and the electrons is the inefficient kinetic energy

exchange in inelastic collisions between the light electrons and the heavy gas particles.

Electrons will lose only a small fraction of their kinetic energy during collisions with the
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heavy gas particle and therefore a different temperature will be established for the electrons

and the surrounding gas medium.

One of the most important parameters which characterise the streamer is its velocity. From

experimental observations it has been found that there is a difference between the speed of

negative and positive streamers. In general, for a given electric field, the velocity of positive

streamers is higher than negative streamers for the same applied background field. The reason

could be the high electric field necessary for the stable propagation of negative streamers

compared to positives. 

2.4.4 Streamer breakdown criterion

In the case of Townsend discharges it was found that when equation (2.3.7) is fulfilled then

breakdown will take place in the gap. In the case of streamer discharges two conditions have

to be satisfied at the same time for a breakdown to occur:

1. Streamer inception condition (2.4.1) is satisfied, with the critical Nc.

2. The background field is equal or larger than the minimum streamer propagation field. 

The physical processes in non-uniform fields are basically the same as those in uniform fields.

However, since the field strength varies across the gap, the expression for the electron

avalanche should be changed to integration over α  (along the maximum field intensity) as

shown in equation (2.4.1). In non-uniform fields the streamer starts from the highly stresses

electrode and will then propagate in continuously decreasing fields. When the streamer

propagates in the region in which the field falls below the critical field strength, the streamer

propagation will be dependent on the space charge field of the streamer head. It has been

found by experimental observations that streamers can propagate in fields lower than the

inception field, but not lower than some critical minimum background field. This minimum

background field needed is found to be different for negative and positive streamers. It is 1-2

MV/m for negative streamers meanwhile it is 450-500 kV/m for positive streamers. This last

fact explains also the reason why it is easier to cause breakdown in a rod plane gap when the

rod is at a positive polarity than when it is at negative polarity. Actually, the physical

explanation for the observed difference in the minimum field for positive and negative
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streamers has to do with the mechanism of positive and negative streamer propagation. In the

case of negative streamer advancement the electrode has to supply the electrons necessary for

the neutralisation of the positive space charge left behind by the avalanches whereas in the

positive streamers the anode absorbs the extra electrons generated by the secondary streamers.

The second process is much easier than the first. Additionally, in the positive streamers the

electrons propagate towards the positive charge head of the streamer and therefore into an

increasing electric field. In the case of negative streamers the electrons move into the low

electric field region.

It must be noted that criteria 1 and 2 are necessary but not sufficient for the breakdown of an

electrode gap. Experiments have revealed that when the streamer had bridged the gap there

was sometimes initiated a second streamer from the electrode. This secondary streamer was

propagating in the channel left behind the primary streamer. Indeed, it was found that the

breakdown of the gap will occur only when the secondary streamer succeed to bridge the gap

[19]. However, no large difference was observed in the values of the disruptive voltage and

the streamer bridging voltage for gap distances up to 1 m. Therefore, in most practical

situations, it is enough to check whether the two above conditions are satisfied in order to

determine if the gap will breakdown or not.
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2.5 Mechanism of long sparks 

In short gaps, the transformation of the streamer to a spark channel takes place directly after

the streamer has crossed the gap. In the case of long gaps (1 m or more, depending on the

gas), the mechanism that rule the electrical discharge is called the leader. The leader is

formed through the heating of the stem of the streamer channels through the combined effect

of currents of all the streamers. At the initial stage of the leader, the channel is heated by

vibrational relaxation and Joule heating to a critical temperature of 1500 K. At this

temperature the electrons in the negative ions detach which increases the electron density of

the plasma and hence increases the electrical conductivity of the channel. The resulting

increase in the current will raise the temperature of the channel even further and when the

temperature reaches to about 5000 – 6000 K the thermal ionisation will increase both the

temperature and the conductivity of the channel further. 

The development of a leader is strongly dependent on the applied voltage, the electrode

separation, the electric field distribution and the atmospheric conditions. There is a big

difference between positive and negative leader characteristics. Also, the negative leader

mechanism is somewhat more complex than the positive. It is found that the positive

breakdown voltage is lower than the negative, whence it is of more engineering interest.

Figure 2.5.1 shows a schematic view of the leader development from a positive high voltage

electrode. As can be seen in the figure, the leader is composed of a leader channel, a leader

head, numerous streamer channels emanating form the leader head and their corresponding

streamer heads. In the figure is also included the border of ionisation (α=η) at some distance

from the tip of the streamer channels. 

Figure 2.5.1. The figure shows a schematic illustration of the positive leader development.
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The leader development starts with the so called first corona. This is composed of a burst of

filamentary streamer channels emanating from the high voltage electrode when the streamer

inception criterion is fulfilled. Each of these individual streamers has a low current and

therefore cannot heat the air sufficiently to make it conducting. However, as described earlier,

the combined current of all the existing streamers flowing through the common region (called

the stem) cause a heating up and an increase in the conductivity. The result is a hot and

conducting plasma channel, called the leader. Owing to the high conductivity of the leader,

most of the applied voltage will be transferred to the head resulting in a high electric field

there. Then, with the aid of the cumulative streamer currents the stem at the leader head will

gradually transform itself to a newly created leader channel with the new streamer process

now repeating at the new leader head. The ability of the leader to propagate in the gap is

determined by the electric field around the leader head and the streamer zone in front of it.

The progress of the leader into the gap is also determined by the energy supplied from the

leader current. In order for the leader to propagate continuously the voltage applied to the gap

must be initially high enough or be raised during the leader development. In the stable

propagation conditions, depending on the voltage, the leader is associated with a low current

magnitude (below 1 A). Further, the field within the channel remains in the range 1-5 kV/m

and the temperature is in the range of 2000-6000 K. When the streamer filaments in front of

the leader head reach the cathode, the final jump will be initiated. At the moment of the final

jump it is found that there is an abrupt increase in the brightness and velocity of the leader tip

towards the cathode. In the case of negative leaders, when the negative streamers reach the

anode there will be initiated a positive upward going leader at the anode heading towards the

negative leader. When these two leaders meet a thermalised channel is formed quickly, which

gives a disruptive discharge, called the return stroke. For very long gaps, for example in

natural lightning, when a negative leader approaches the ground one can observe positive

leaders incepted from tall structures and objects each of them heading for the down coming

leader tip. In Chapter 5 we have made an investigation in an attempt to answer the following

intriguing question: what are the conditions that determine the inception of a connecting

leader from a Franklin rod?



24

3. Concise review of surface discharges

3.1 Introduction

Ever since the discovery of the so-called 'Lichtenberg figures' by Georg Cristoph Lichtenberg

1777, surface discharges have attracted the interest of physicists. Much more is known on the

phenomenon (which is really an electrical discharge propagating along a dielectric surface)

but still there are up to date no general models and theories that can explain the behaviour and

appearance of surface discharges. The main reason for this lack of understanding is the large

number of simultaneously existing sub-processes taking place during the initiation and

propagation of the discharge. In this chapter, a concise review is given of some important

parameters that are believed to play a role in the creation and development of a surface

discharge. There is a discussion on static and dynamic observations of surface discharges, the

effect of applied voltage and the geometrical effect of a dielectric insulator. There is also a

presentation of the charging mechanism of the insulator surface and of the interaction between

the surrounding medium and the insulator that has resulted in a 'deterioration' of the material.

An outlook on available ‘models’ of surface discharges ends the chapter.
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3.2 Static and dynamic observation of a surface discharge 

The surface discharge has been studied in earlier times by using resin dust figures [1] or

photographic film [2]. These methods are static since they are not able to observe the

temporal development of the surface discharge. However, although the propagation of the

discharge along the surface of the insulator is not shown explicitly in time, there are still many

features and conclusions that can be drawn using these methods. One of the main abilities is

that the geometrical shape of the discharge can be recorded visually as ‘discharge tracks’ on

the insulator surface. One observes, for example, that positive and negative discharges have

different physical behaviour, since the resulting discharge tracks do not have the same

geometrical patterns. Compare Figure 3.2.1 below, which shows positive and negative

discharges on photographic plates in nitrogen [2]. As can be seen, positive discharges present

a system of sharp branches that are relatively widely spaced meanwhile negative discharges

consist of broad sectors separated by narrow radial dark lines.

Figure 3.2.1. Lichtenberg figures on photographic plates showing positive (left) and negative

(right) surface discharge (positive: 0.1MPa, 10 kV, point-ring arrangement; negative: 0.03

MPa, 3 kV, point-plate arrangement) [2].

Recently a new method has been developed that enables a quantitative investigation to be

made of both the time and space evolvement of surface discharges. The method, which is

based on the piezoelectric effect of crystals, has been especially applied to the propagation of

streamer discharges [3-5]. In the studies conducted, the crystal was acting as the insulating

barrier in a point-plane configuration similar to the arrangement in [2]. The complete sample
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was placed in darkness in an air-filled chamber at normal atmospheric conditions. In study [3]

it is demonstrated (as in the previous investigations using photographic films) that positive

and negative discharges have different geometrical patterns. However, using the new method

these authors are also able to illustrate what happens when the insulator surface has

previously been exposed to a discharge. They applied one period of a sinusoidal voltage and

could show that there is a difference whether the surface discharge starts at the positive half-

cycle of the sinusoidal voltage or at the negative half-cycle. When the streamer discharges

started at the positive half-cycle, it was found that positive space charge always remained on

the insulator surface. However, when the applied voltage started at the negative half-cycle,

there was no charge left on the surface after the period had been completed. The reason for

the found behaviour, which could be explicitly observed during the discharge development,

was that positive discharges extended further than negative ones and, therefore, the deposited

charge could not be completely neutralised by the negative discharges during the negative

half-cycle. 
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3.3 The effect of applied voltage

As was noted in Section 3.2, surface discharges are very much dependent on the applied

voltage in the system. They are dependent both on the magnitude and on the chosen polarity.

However, also the duration of the applied voltage will influence the initiation and

development of the surface discharge. One probable reason for this time-dependence is that

the charging process (as will be presented later in Section 3.5) will not have enough time to

charge up the insulator surface. The influence of the time duration of the applied voltage is

perhaps best illustrated in the experimental work [6]. There is, however, another work that

illustrates the influence of the shape of the applied voltage in a surface discharge [7]. In this

investigation, two different types of voltages are applied in a so-called guided surface

discharge. It was a point-plane electrode system where the surface discharge was guided in a

preferred direction by means of an electrode placed at the ground-plane according to Figure

3.3.1 below. The first voltage type applied was a positive square impulse with a 470 ns pulse

width and rise and fall times of about 30 ns. The second type was a lightning impulse with a

damped oscillation on its front and a wave tail of about 55 µs. The authors applied several

shots for each type of voltage and, by observing the dust figure tracks of the discharge (a

leader) along the insulator surface, the length could be measured in each event. The main

finding was that the length as a function of each subsequent event was different for the two

types. The first voltage shape gave approximately the same leader length for each event,

meanwhile the second type gave a relatively longer initial length than in the second and the

next following shots (the length in the subsequent applications after the second one were

found to be approximately constant). The author’s explanation for the observed behaviour was

that so-called ‘back discharges’ occurred in the first situation which neutralised the deposited

charge on the insulator surface, compare Figure 3.3.2 below. The back discharges depended

on the time the applied voltage was brought down to ground potential. In the second situation

there was no back discharge occurring, since the applied voltage was brought down to ground

level after too long time.
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Figure 3.3.1. Illustration of the experimental set-up used in [7]. The set-up is shown in

two different views in order to emphasise the guiding electrode. The insulating barrier

was a PMMA-plate and the surrounding medium was SF6-gas of about 0.5 MPa
Figure 3.3.2. Schematic illustration of a back discharge which has occurred for the applied

square impulse voltage [7].
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3.4 The geometrical effect of a dielectric insulator

It is very well known that the geometrical configuration of a discharge gap will affect the

breakdown voltage of a system. Many shapes and configurations of both the electrode system

and the dielectric material used have been investigated in order to understand their influence

on the initiation and development of the surface discharge. Perhaps the most investigated and

analysed situation is the parallel plane electrode gap with a post insulator spacer introduced in

between. There have been investigations made with different shapes of the spacer: cylinders

of different sizes [8] and cones with different opening angles [6], [9]. Furthermore, these last

two investigations have included the application of different polarities at the ends. However,

there have also been tests on the effect that different types of cavities on the surface of the

insulators have [10]. In general, what can be concluded from the investigations performed is

that the shape of the dielectric material will have a major impact on both the initiation

mechanism and the subsequent development of the discharge. There have been many attempts

to understand the behaviour of a spacer introduced in an electrode gap, the most successful

being the work presented by [11]. In principle, the theory is based on the initiation of a

surface discharge at the so-called triple point junction, the point where the dielectric, electrode

and the surrounding medium are in contact. In Section 3.5 there is a short presentation of the

main ideas with the theory developed.

However, there are obviously geometrical configurations where there is no triple-point where

a surface discharge could be initiated. This, for example, is the case for a point-plane

electrode system where the point electrode is not in contact with the dielectric surface placed

at the plane electrode. The question in this situation is how the initiation of the discharge from

the point electrode is influenced by the presence of the dielectric surface beneath. In work

[12] this case has been investigated experimentally in air at normal atmospheric conditions. It

is found that the inception voltage of the discharge is dependent on the thickness of the

dielectric material for a constant distance between the needle electrode and the plane. It is

shown in the study that the thicker the dielectric is, the easier it becomes to initiate a

discharge from the needle tip. The conducted investigation shows also that for the same

thickness on the material the inception voltage is lower for higher values of the dielectric

constant of the insulating material. And the effect is observed to be more pronounced the

thicker the material becomes. In the study conducted the authors did not give any explanations
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for the results obtained. However, it is not hard to understand that the probable cause must

have been the field-enhancement in the system due to the polarisation of the dielectric

material introduced. Figure 3.4.1 below shows the magnitude of the electric field in a gap

with a similar configuration to the one investigated. It has been obtained by means of a 2D-

field calculation program [13]. The electric field is determined with and without the dielectric

present for the same applied voltage on the rod electrode. As can be seen in the figure, the

electric field in the gap is increased by introducing the insulator. Also, as can be observed, the

higher the value of the dielectric constant, the higher the field magnitude obtained in the gap

between the needle and the insulator surface. Therefore, the increase in the electric field in the

gap will require less applied voltage to initiate a discharge. Note, however, that this

consideration is relevant under the assumption that the presence of the insulator surface has

not changed the pre-ionisation conditions in the gap.
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Figure 3.4.1. The figure shows the electric field magnitude in the gap of a point-plate

arrangement with an insulating barrier that is not in contact with the point electrode. The

small window at the right side in the figure illustrates the configuration investigated. Also

shown in the small window is the line in the gap along which the magnitude of the electric

field has been evaluated, starting from the plane electrode and ending at the rod electrode. As

can be seen in the large window to the left the magnitude of the field is higher in the air-gap

between the rod electrode and the insulating barrier for larger dielectric constants on the

insulator. The voltage applied on the rod electrode was the same in all three cases

investigated.
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3.5 The mechanism by which a dielectric insulator surface is charged

It is known experimentally that the surface of an insulator will become charged when it is

placed in a stressed electrode gap [14]. As mentioned in Section 3.4, there have been many

attempts to understand the behaviour of insulator spacers introduced in parallel-plane gaps.

One major key-role in the understanding is the mechanism by which the insulator surface is

charged by means of the triple-point junctions existing between the dielectric, the electrode

and the surrounding medium. 

When a post insulator spacer is placed in an electrode gap, contact points will be created

between the different media at the upper and lower ends of the spacer. When calculating the

electric field at these points, one will find that there will be field enhancements due to the

polarisation of the dielectric material [9]. The magnitude will depend on the angle the spacer

makes with the electrode and, in particular, it is found that-for angles larger than 90 degrees-

the electric field will become enormously high, in principle infinitely large. This means that

there is a high possibility for starting ionisation at these points. 

However, the triple-points can also be looked on in a microscopic view. According to [15],

for example, the existing protrusions on the electrode surface will give large field

enhancements due to the presence of the dielectric insulator-despite the low applied voltage-

and therefore will initiate ejection of electrons by field emission. This effect is also enhanced

after some time, due to the increase in temperature of the protrusions. The protrusions on the

electrode surface will eventually evaporate and result in even higher current magnitudes.

These electron currents, which will propagate in the background electric field, will finally

charge up the insulator surface.

However, although the triple points exist in an electrode system, it is not clear in what way the

surface will become charged due to these emitted electrons. At least the electrons generated

from these sources are insufficient in quantity to account for the charging of the insulator

surface. Indeed, much research work has been conducted on this topic, finally culminating in

the results presented by [11]. Using Monte-Carlo simulations of electrons moving in a

background field in a parallel plane configuration with an insulator spacer present, the authors

were able to show that the surface of the insulator became charged. They were able to
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determine that the magnitude of the charge was dependent on the opening-angle of the post

insulator and on the polarity of the stressed voltage. The authors were also able to predict a

dependence on the choice of dielectric material. Most of these results were experimentally

known previously [6, 9, 14, 16]. A schematic illustration of the authors suggested mechanism

of charging is demonstrated in Figure 3.5.1 When an electron, which is moving in the

background field, hits the surface of the dielectric secondary electrons are released from the

surface. However, since the force due to the image charges in the dielectric surface is acting

on them, these released electrons will hit the insulator surface again during their movement in

the gap and generate a new cascade of electrons moving in the external field. The process is

repeating over and over again until the whole insulator surface becomes charged. 

Figure 3.5.1. Illustration of the charging mechanism of a post insulator spacer introduced in

a parallel plane electrode gap. The charging is established due to the electrons presumably

emitted from the triple-point junction [11]. The figure is not to scale.
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3.6 The interaction between the surrounding medium and the dielectric material-

deterioration of the insulator surface

The surrounding medium certainly also has very important effects on the initiation and

development of surface discharges. The main reason is that the discharge propagation takes

place in the surrounding medium at the surface of the dielectric. Many investigations have

been conducted with the aim of clarifying the interactions of the surrounding medium and the

dielectric material. In particular, there has been research focusing on the chemical reactions

occurring at the surface of the insulator during the discharge development. In [17], for

example, a discharge guided along a Plexiglas surface in air is analysed by using

spectroscopic instruments. The image view (some few millimetres in depth) of an UV-

monochromator was located at the middle of the slab along which the discharge was guided.

This enabled an observation to be made of the wavelengths corresponding to the excited

species of a limited portion of the discharge. In the investigations conducted it was found that

only excited species of the air were produced in the initial stages of the propagating discharge.

However, later on when the hotter parts of the discharge were passing along the surface, one

could observe traces of dissociated and ionised atoms, both of the surrounding air and the

insulator surface. Finally, in the later parts of the discharge development, one could observe

emitted light with wavelengths corresponding to newly developed substances-with chemical

components belonging to both the surface and the surrounding gas. These results, therefore,

emphasise that there is indeed a strong interaction between the insulator surface and the

surrounding medium in a surface discharge.

The interactions between the dielectric material and the surrounding medium can also be

studied from a different aspect-namely that of the pressure (partial) increase/decrease of each

individual species in the surrounding medium. The study reported in [18] has illustrated this

very clearly. It is an experiment where a surface discharge is created in a closed chamber and

where the pressure increase/decrease of the individual species in the gas-medium can be

registered with high accuracy. It was observed in the study that a relatively large pressure

increase was obtained in the chamber after the surface flashover, with many corresponding

reactions taking place. The table below, Table 3.6.1, presents some of the results obtained in

that study for three insulator samples investigated: quasi-metallized alumina ceramics, pyrex-

glass and non-organic alumina ceramic. The samples had been carefully prepared before the
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experiment. The surfaces had been UV/ozone or plasma cleaned (see the table) and pyrex-

glass had also been ‘vapour blasted’. This means that the insulator surface was bombarded

with hard particles to roughen it. The different gases in the surrounding air are indicated in the

table as percentage fractions of the total pressure in the system. As can be seen, there is an

increase of some gases and a decrease of some others after the surface flashover. This means

in other words that some species in the air (mainly N2) either react with other species in the

gas or with atoms belonging to the insulator material that has been dissociated or evaporated.

Also, as can be seen from the table, there is a difference in the amount of gases released for

different insulator surfaces. In the case of pyrex-glass, it can also be seen that there is a

difference between whether the surface has been vapour blasted or not. This indicates

therefore that the topographical properties of the insulator surface also have an influence on

the surface flashover. 

The two investigations presented above illustrate explicitly that the insulator surface must

have deteriorated because of the propagating surface discharge. Obviously the degree of the

deterioration of the surface will depend on the strength and the duration of the current in the

discharge. If there are, for example, only avalanche or streamer currents appearing (that is

pre-breakdown phenomena), then the deterioration of the surface will be relative small.

However, if a total breakdown takes place because of the surface discharge, then the

deterioration of the insulator surface will be so strong that it will also be evident with the

naked eye. In the work conducted by [19], the deterioration effects from a surface flashover in

air are illustrated by analysing electron microscope images of different exposed samples

(glass-fiber phenolic, rigid polyester, epoxy-glass, etc.). From the work performed one can

observe that the surfaces are most strongly damaged at the points where the electric field

magnitude is high and at the locations where the ‘discharge channel’ probably has propagated.

At some places on the exposed samples, one can also witness that complete evaporation has

occurred with bubble-like appearance of the surface. These results, therefore, once again

indicate that the insulator material is not passive, but instead, that it participates very actively

in the development of the surface discharge
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Table 3.6.1. Fractions of total pressure (%) for different gases in the surrounding air medium

before and after a surface flashover for three different insulator samples [18]. a =1.33*10-5

Pa
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3.7 The modelling of surface discharges 

As has been mentioned previously, no comprehensive models exist that can predict in every

detail the behaviour of electrical discharges propagating along insulator surfaces. In principle,

in order to model the discharge process, there must be a deep and thorough investigation

made of the different chemical and physical reactions that take part. Mechanisms like

ionisation, excitation, recombination, etc., must be considered. However, there are many

problems faced with this kind of approach. The first thing is that the different source terms

due to the introduction of the insulator surface are not yet explicitly known. Also, if all known

involved reactions were included, then even the fastest computers currently available would

not be able to solve the complete set of equations. Therefore, due to the complexity and the

number of unknown parameters, researchers today are tackling the problem using a

macroscopic, phenomenological approach. In this section there will be a short review on some

of such interesting and prominent attempts to model surface discharges.

The only known case where the presence of a dielectric insulator has been given an

analytically derived expression is the study [20]. In that work, the inception voltage of a

cylindrical dielectric shell, which surrounds a spark gap in air, is determined by using the so-

called critical electron flux model. Basically, the idea behind this is that one of the point

electrodes in the spark gap is treated as an electron-source whilst the other electrode and the

dielectric surface are treated as sinks. When the electron flux in the system is approaching a

critical value, a discharge is initiated from the point electrode. In particular, the model has

been able to predict that there should be a minimum in the inception voltage as the radius of

the dielectric cylinder is varied-something which has been obtained experimentally. However,

although the model has been successful in this case, it has not been possible to extend the

ideas to other configurations and, more importantly, the model does not say anything about

the physical interaction between the surface and the discharge, it only presumes that the

dielectric material acts as a ‘trap’ for the electron flux.

There is also another interesting work worth to mention [21, 22]. A developed field

calculation program determines the electric field distribution in a spark gap, with an insulator

plate placed parallel to the gap. By investigating the conditions for initiation of corona

discharges at the tips, the authors have been able to predict the inception voltage of the
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system. The influence of the dielectric surface in this study is incorporated in the calculations

as a field enhancement at the tip of the spark-gap electrodes. The main conclusion from the

work is that the presence of the surface decreases the inception voltage for both positive and

negative applied voltages.

There exist also surface discharge models where the concepts from transmission-line theory

are applied [23]. In this case the surface properties are included in the modelling as a source

of resistance, inductance and capacitance. In general, however, in this kind of work no new

physics is introduced. The taken approach is only an engineering way to fit the experimentally

obtained data. 

This is also the case with the modelling attempts using circuit theory [24-26]. Lumped circuit

components are assigned in a proper way until the experimentally obtained data are fitted. 
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4. Streamer discharges in air and along insulating surfaces

4.1 Introduction

As has been discussed previously, the surface discharge processes are not yet fully understood

and many questions remain to be answered. In order to increase the knowledge in this field so

that proper models can be developed it is necessary to investigate the pre-breakdown

phenomena associated with surface discharges, especially the characteristics of streamer

discharges.

There exist today models of streamer discharges in air and other gases based on numerical

solution of the continuity equations for the different involved species (electrons, positive and

negative ions, excited species, etc.). However, this modelling approach is complex. Also, it is

not known which particular mechanisms should be included in the equations since the source

terms for the reactions that will inevitably take place when the dielectric surface is introduced

have not yet been determined. Furthermore, although 3D situations have been treated in the

absence of an insulator surface these are for very short gaps and/or simulation times. If a

dielectric material is introduced in the system then the problem will intrinsically become a 3D

problem, making things even more complicated.

In this chapter, we present the investigations conducted on streamer discharges in air and

along dielectric surfaces (Papers: I-V). This first section will give an overview of the different

studies and show how they are related to each other. It will also present the background and

motivation for each separate work (paper). Initially, however, a detailed presentation will be

given on the experimental set up. This is common to all the studies carried out in this thesis,

both the measurements and the simulations. The main difference between different studies is

either the presence or absence of insulating surfaces in the gap or the strength of the

background electric field.
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The experimental set-up has been designed and constructed previously at the Institute of High

Voltage Research for investigations of streamer discharges in air and along insulator surfaces

[1-3]. The arrangement is a three-electrode system and consists of two Rogowski shaped

electrodes (anode and cathode) and an insulated needle sticking out from the centre of the

anode. This configuration provides a so called quasi-uniform electric field, which means that

the field is almost uniform except at the vicinity of the tip of the needle. As was mentioned in

chapter 2, the field strength needed for streamer inception is higher than that for streamer

propagation (a positive streamer needs the background field ~500 kV/m in order to cross the

gap meanwhile the streamer inception field could very well be beyond 2.6 MV/m). In a

uniform electric field, once the field strength is high enough to initiate a streamer the

condition necessary for its propagation is fulfilled anywhere in the gap and breakdown will

inevitable take place. However, if one would attach a short conductive needle to one of the

electrodes in the gap formed by two parallel plane electrodes, then a streamer could be

produced without necessarily leading to a breakdown. This is the idea behind the development

of the three-electrode system. Even with such a construction if the needle is attached to one of

the electrodes then it is not possible to separate the sources for the background electric field

and the electric field necessary for streamer inception. For example, whenever a voltage is

applied across the electrodes, the electric field would be enhanced in the vicinity of the needle

tip and a streamer would always be triggered for a particular value of the background field. A

more flexible construction is to insulate the needle from the electrode. With such an

arrangement, the source for triggering a streamer discharge from the needle would be

independent of the source providing the ambient electric field. The three-electrode system we

have used in our studies had such an arrangement of electrodes. Figure 4.1.1 shows a

photographic close-up of the electrode configuration.



41

Figure 4.1.1. The figure shows a close-up photograph of the three-electrode system. The

insulated needle is pointing out from the centre of the anode as indicated in the figure.

The two Rogowski shaped electrodes (which are made of brass) are 90 mm in diameter and

the gap distance was 35 mm. The needle, clad in a PVC insulator (εr = 5), was positioned in a

16 mm diameter hole on the earthed electrode (anode). The insulated needle (made of steel)

had a diameter of 0.35 mm and was sticking out 2-4 mm in the gap (i.e., the length from the

needle tip to the surface of the anode was 2-4 mm). In the experiments conducted, the anode

was grounded and the cathode was supplied with a negative DC voltage. Investigations were

made for background field values in the range of about 200-800 kV/m. We found that for

higher background fields we approached the breakdown field of the gap. For lower fields, the

streamer had difficulty in crossing the gap. The streamer discharges were produced by

applying a triggering positive square impulse voltage of rise time 25 ns and 5 µs duration on

the needle. The square impulse voltage was produced by using a 500 m cable (RG58)

terminated with the characteristic impedance of the cable. The magnitude of the step impulse

voltage could be ranged from 0-5 kV. In most of the measurements we used the voltage 1.5

kV or 3 kV. For these voltages we had always a streamer discharge event incepted from the

needle.

One of the most important parameters of the streamer discharge is the current associated with

the streamer inception and propagation. Since in our set-up all three electrodes (anode,

cathode and needle) are electrically separated, we could simultaneously measure the current

Needle electrode
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flowing on each individual electrode. The current probes used in the measurements (Pearson

miniature current monitor number 2877) were specified with an output of 1 V/A and a 2 ns

rise time. This means that they are fast enough to register the changes we expect (remember

that a streamer current has a rise time of 10-50 ns). Indeed, by recording the streamer currents

simultaneously on each of the electrodes, we are able to distinguish between the conduction

currents and capacitive currents in the system during the streamer discharge event. (See more

about this in the first paper, Paper I).  Another important parameter worth to be extracted is

the light associated with the propagation of the streamer in the gap. In most of the

measurements carried out, we used optical fibres (with photomultipliers) to detect the light

from the streamer discharge during its propagation. As has been mentioned before, the

advancement of the streamer is associated with emission of light, especially from the streamer

head as a result of the recombinations and de-excitations taking place. Therefore, by placing

(one or two) optical fibres at appropriate positions in the gap, we can monitor the dynamic

movement of the streamer. We can for example estimate the speed and check whether the

streamer has managed to bridge the gap or not. This last method was frequently used in the

measurements both in the case of the streamer discharges in air and along the insulator

surfaces. A four channel oscilloscope (Tektronix TDS 784C, 1 GHz bandwidth) was used to

record simultaneously the currents and associated light from the optical fibre(s). The

oscilloscope was in most cases triggered with the applied voltage on the needle. Figure 4.1.2

illustrates schematically the complete experimental arrangement, including the three current

probes and one optical fibre placed close to the cathode electrode. The direction of positive

current flow is also indicated in the figure. 
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Figure 4.1.2 Schematic illustration of the complete experimental arrangement.
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The 5 projects (Papers: I-V) conducted on streamer discharges in air and along dielectric

surfaces are the following (note that this is not exactly the title of the published papers):

•  Investigation of the charge distribution of a streamer propagating in air (Paper I)

•  Estimation of the charge in a single branch of a streamer propagating in air (Paper II)

•  Comparison of streamer characteristics along 4 different insulator surfaces (Paper III)

•  Quantification of the effect of dielectric constant and surface properties using non-mixing

liquid surfaces (Paper IV)

•  Development of a computer algorithm to simulate 3D streamer propagation in air and

along dielectric surfaces including the streamer branching process (Paper V) 

The first two projects (Paper I and II) present experimental studies and simple simulations of

positive streamer discharges in air. The main goal of the two investigations was to enhance

the understanding of the nature of streamer discharges in air so that the knowledge gained

could be utilised to further increase our understanding of the physics and the modelling of

streamer discharges propagating along insulating surfaces. 

Experimental and theoretical studies have shown that the residual channel left behind the

streamer head is not perfectly conducting, and the channel is slightly positively charged with a

potential gradient along it [4, 5]. Wright [6] made a simple model in which he assumed that

the streamer is a hemispherical head with a resistive, conductive filamentary channel in its

wake. Dawson and Winn [7] subsequently presented a model in which the streamer was an

isolated spherical region (i.e. the streamer head) and the channel left behind was neutral

plasma. In the first project (Paper I), we have compared simulations and measurements of the

induced charges at the parallel electrodes in order to obtain the charge distribution of the

streamer as it moves in the gap. Especially we wanted to answer the following question: Is the

charge of a streamer distributed along its channel or is it concentrated at the head of the

streamer?. The question is extremely important because we need to develop a simple model

of the streamer which can reproduce the basic characteristics both in the presence and absence

of dielectric surfaces. In the first case we represented the streamer as a single channel with a

definite potential gradient along it (similar to Wright’s model). In the second case we

represented the streamer as an isolated sphere with a charge increasing with propagation

distance/time (similar to Dawson and Winn). There are both advantages and disadvantages

with these two streamer models. The main advantage with the channel model is that the

streamer will always be electrically connected with the needle electrode. This means that the
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streamer charge does not have to be specified explicitly but the contact of the channel with the

needle will automatically supply it with the appropriate charge in accordance with the external

electrical environment. Also, due to the finite conductivity of the channel, the charge of the

streamer will always be redistributed automatically when it extends in the gap. If we however

represent the streamer as a sphere, the streamer is isolated from the electrode gap system. The

positive charge in the streamer can not be inferred from any appropriate physical mechanism

in such a simulation and must be measured in each case. See next section, section 4.2, for a

more detailed presentation of results and conclusions.

In the second project (Paper II) we studied the magnitude of the charge in a single ‘branch’ of

a streamer discharge. The modelling of streamer discharges has been always based on the

simulation of the development of a single streamer where the charge distribution is an

important parameter. It is thus of great interest to measure the charge of a single streamer in

order to justify theoretical studies. In this work, the charge of the single branch was estimated

by using a photographic plate, which recorded the tracks of the individual branches as bright

luminous spots. The net charge in the streamer has been evaluated for different background

electric fields. Further, the streamer has also been simulated using a simplified streamer

model (a conducting channel of definite potential gradient along its surface). The results of

the measurements and the calculations are compared and discussed.

The material presented in the third and fourth projects (Paper III and IV) is obtained with an

insulator surface introduced into the electrode system. In the third project (Paper III), we

studied the characteristics of streamer discharges propagating along 4 different insulator

surfaces. The properties of the surfaces were known and therefore we could compare the

results. In particular we wanted to observe how and why the materials differ in their

behaviour with respect to streamer discharges when introduced into the electrode gap. We

measured the streamer velocity along the different insulators and compared it with the results

obtained in air. Also, we compared the observed streamer current for different applied

background fields both in the presence and absence of insulator surfaces. The minimum and

stable electric fields for streamer propagation were studied. Further, by analysing the streamer

currents generated as the streamer propagated along the insulator surfaces we obtained the

charge distribution of the streamer. This was compared with the results presented in Paper I.

This gave us an indication about the charge distributed along the streamer channel when the

insulating surface was present in the gap. Finally we performed field simulations using a
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simplified streamer model to check the influence of the dielectric constant and the effect of

accumulated charge on the insulator surface prior to streamer propagation. The streamer

model used in the analysis was again a prolonging channel with an applied potential gradient

along its surface.

The most important knowledge gained in the third project (Paper III) was that both the

capacitive effect (effect of dielectric constant) and surface properties are affecting the

streamer propagation along an insulator surface. In the fourth project (Paper IV) we present a

method, which successfully separates the effects of the dielectric constant from the surface

properties. Indeed, we not only separated the two effects but also quantified each contribution.

This was accomplished by measuring the streamer currents for varying relative volume of two

non-mixing liquid dielectric materials. Further, by modelling the streamer as a conducting

channel (this time as a perfect conductor) we determined the capacitive behaviour of two non-

mixing dielectric materials for varying ratio of their volume. The results obtained from the

simulations were compared with the experiment.

In the final paper (Paper V), we present a computer algorithm for simulating the propagation

of the streamer discharge taking into account the 3-dimensional branching process. Indeed,

there are several motivations for introducing the streamer branching into the modelling of

streamer discharges. In Paper I, for example, the results of the simulations and measurements

on the charge distribution of the streamer channel indicated that the streamer charge should be

localised in the front part of the streamer. This means that the simulation of the streamer as a

single finitely conducting channel overestimate the positive charge left close to the anode

when the streamer arrives at the cathode. However, through the analyses and the discussion of

the advantages and disadvantages of these models, a ‘hybrid model’ was suggested, in which

the streamer branching should be taken into account as an effective mechanism for

redistributing the charge on the streamer channel, with each branch of the streamer assumed

to be a channel with the same potential gradient. Another motivation for introducing the

branching process was the direct evidence we found for the branching process in Paper II. We

have performed simulations of various situations using the elaborated computer algorithm.

See section 4.6 (or Paper V) for demonstration and discussion of the obtained results. It is

important to remember that although the simulations have been adapted to the present

electrode configuration, the algorithm is not limited in any way to the geometrical dimensions

and shapes of the electrode gap used.
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4.2 Streamer current in a three-electrode system (Paper I)

4.2.1 Introduction

In this project we have performed an investigation which consists of both measurements and

simulations on positive streamer discharges in air at normal atmospheric conditions. The

study had the following two main goals:

•  To measure and identify the currents associated with the streamer discharge at each of

the three electrodes 

•  To investigate whether simple representations of the streamer can reproduce the

induced charge at the electrodes

The propagation of the streamer in the gap was simulated by using the 2D-field calculation

program Ace [8]. At each moment in the stepwise translation, the magnitude of the induced

charge on the anode and cathode were evaluated. The results of the simulations were then

later compared with the corresponding currents measured at the anode and cathode. This

comparison between measurements and simulations enabled a study to be made of which

shape and charge distribution on the streamer will more correctly reproduce the

measurements. Figure 4.2.1, illustrates the different charge distributions of the streamer

investigated in the study. In the first case the streamer was a cylindrical-shaped channel with a

constant potential gradient along its surface. In the second situation the streamer was a cone-

shaped channel with a constant potential gradient along its surface. The last situation

illustrates a streamer that is shaped as a sphere with a charge magnitude that was either

constant in time or varying according to the measured charge on the needle. The assignment

of a potential gradient in the two first cases was a way to control the distribution of charge

along the prolonging channel. A value of 500 kV/m was assigned in the simulations. The

difference between the first and second representation is the shape-variation of the channel in

the perpendicular direction to propagation. The main task here was to determine to what

extent such a variation of the streamer channel would influence the results. The difference

between the two first representations and the third one is, however, much more apparent. In

the third representation the streamer is shaped like a sphere. This means that there is no longer
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a potential gradient assigned to the surface of the streamer, but the charge is concentrated to

the volume of a sphere. Certainly the simulated results will depend on the magnitude of

charge assigned to the propagating streamer. In the case of the streamer shaped like a channel

the charge is changing according to the potential gradient assigned. In the case of the streamer

shaped like a sphere, two situations were investigated. Initially the total integrated charge of

the measured current on the needle was assigned to the sphere. This was approximately 2 nC.

In the second situation the charge on the sphere changed with time; the charge on the sphere

at a given time being equal to the time integral of the needle current up to that time. Indeed,

this second approach is more correct since a time integral of the measured current on the

needle gives the correct charge on the streamer at a given time.

Figure 4.2.1. Illustration of investigated streamer representations.
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One of the parameters that control the output of the simulation is the streamer speed. This is

an important parameter because, for example, if the chosen speed is too low then the ‘head’ of

the streamer might be misplaced, with respect to the actual location, leading to incorrect

induced charges on the electrodes. In the simulations conducted here a constant speed, the

mean speed determined from the measurements, was assigned to the streamer.

4.2.2 Results and conclusions

Figure 4.2.2 shows the time dependent charge distribution at the three respective electrodes. It

is obtained by integration of the corresponding measured currents. The charge on the needle is

due to the conduction current, while the charge on the anode and cathode are induced charges

produced by the displacement (capacitive) currents at anode and cathode respectively.

Figure 4.2.2. The induced charge as a function of time (integration of the measured currents).

The time of streamer crossing (t = 2.23 µs) is indicated in the figure. The calculations are

only performed up to this time.
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Figure 4.2.3 below shows the comparison of induced charges at the anode for the cylindrically

shaped channel and the sphere with charge assigned according to the time-integrated current

on the needle. As can be seen, the minima in the induced charge at the anode is not

reproduced with the streamer shaped as a channel. This means that the model where the

charge of the streamer is confined to a spherical region (i.e., the streamer head) reproduces the

results best. Also, as the simulations indicate, the streamer charge is not constant during the

propagation, but increases continuously during its advancement in the electrode gap.

Figure 4.2.3. Comparison of the induced charge on anode for a cylindrical shaped channel

and a sphere with the charge varying according to the time-integral of the measured current

on the needle. The dashed curves are measurements, the solid lines are simulations. As can be

seen there is no minima appearing in the simulations when using the channel representation

of the streamer. 

The main reason for the small mismatch for the spherical streamer between the simulated

minima and the measurements shown in Figure 4.2.3 is probably the streamer speed assumed.

From the comparison, one can see that the assumption of a constant speed is not fully correct.

The results indicate that the streamer speed should be smaller at the begining of the streamer

propagation.
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4.3 Measurement of the positive streamer charge (Paper II)

4.3.1 Introduction

It has been found experimentally that a streamer discharge does not propagate as a single

collection of charge in the direction perpendicular to the propagation. As can be seen in

Figure 4.3.1 below, the streamer discharge (a single event) arrives at the cathode as a

collection of many branches, forking out more as they approach the cathode. The picture

shows the integrated light from the streamer. It is therefore hard from the picture to determine

the number of individual branches.

Figure 4.3.1. Still picture of a streamer discharge. Streamers are initiated from the needle on

the anode (right), then propagate to the cathode (left) in a background field of 550 kV/m.

The goal of this study was to determine the magnitude of the streamer charge in each of the

existing branches. The main difference between the present experimental set up and the one

used in paper I was the presence of a UV sensitive photographic film at the cathode. Another

difference in the experimental set-up compared with the one described in Section 4.2, was the

use of two optical fibres, one placed at the cathode in front of the photographic film and the

other placed at the anode close to the needle. By using the photographic film the streamer

branches could be detected as star-shaped dots on their arrival at the electrode, see Figure

4.3.2 below.
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Figure 4.3.2. Star-shape dots created by positive streamers hitting the photographic film. The

background field was 500 kV/m. In the figure is indicated the actual length between the two

biggest dots.

4.3.2 Results and conclusions

Figure 4.3.3 below shows the currents measured at the cathode and needle with and without

the photographic film. As can be seen, the sudden rise in the current measured on the cathode

disappeared after the introduction of the photographic film. This indicates that the streamers

did not make contact with the cathode but hit the photographic film instead, leaving star-

shaped dots on it. The star-shape is caused by surface discharges since the charge in the

streamer tip can not be neutralised immediately by the electrons from the cathode because of

the photographic film acting as a barrier. 

 

Figure 4.3.3. Measured streamer currents on the needle and the cathode. The left graph is

without a photographic film and the right one is with the film placed at the cathode. The

upper-curves shown in the two figures are the light signals associated with the streamer

discharge. They were obtained from the optical fibres placed at the anode and cathode

respectively.
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The net charge on the streamer was evaluated by integrating the measured current on the

needle. The charge of a single streamer branch was then obtained by dividing the number of

dots on the film by this total charge amount. However, as can be seen in Figure 4.3.2 above,

the charge carried by a ‘big dot’ streamer must have been higher than a ‘small dot’ streamer.

Most probably, the large dots correspond to main branches whereas the small branches

generated the small ones. Thus, in evaluating the number of dots seen on the film, only the

larger ones were counted. Table 4.3.1 illustrates the results of this procedure. It shows the

charge per unit length for different applied background fields.

Eb (kV/m) 400 450 500 550 600

Qs (pC/mm) 18 20 21 25 32

Table 4.3.1. The charge per unit length in a single streamer branch for different background

fields.

As can be seen from the table, the amount of charge in the streamer increases with increasing

applied field. The measured results correspond to an excess of 1.1 – 2.0 × 10
8
 positive ions

per mm in the streamer channel (note that the gap length is 33 mm). This value is in good

agreement with the results cited by others in the literature [9]. 

The charge on each individual streamer branch as a function of the background electric field

has also been calculated by modelling the streamer as a cylindrically shaped channel (of

radius 50 µm) with a constant potential gradient along its surface. It was assumed in the

calculations that the potential gradient along the streamer channel was equal to the stable

streamer propagation field, Eg = 500 kV/m. Figure 4.3.4 below shows the results from these

calculations. For comparison the measured results presented in Table 4.3.1 are included in the

figure. It can be observed that the measured and calculated values of the charge for a single

streamer have the correct order of magnitude. However, note that, when the background field

Eb is equal to or larger than the magnitude 500 kV/m, the measured charge is always smaller

than the calculated one. There could be several reasons for this discrepancy, arising both from

the experimental errors and from the assumptions made in the calculations. For example, the

model selected in the calculation to represent the streamer could introduce differences

between the measurements and theory. As was demonstrated in Section 4.2, the streamer
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might not be correctly represented by a channel with a potential gradient along its surface. If

most of the charge were contained in the head of the streamer, then this would give an

incorrect amount of charge per unit length since the charge is not distributed uniformly along

a channel. There could also be errors in the measurements, especially in counting the number

of dots on the film. Recall that in our analysis we have counted only the ‘big dots’. Observe,

however, that an inclusion of the smaller dots in the analysis would not remedy the situation

because it will decrease the measured charge per unit length further.

Figure 4.3.4. The charge per unit length (Qs) for a single streamer as a function of the

background field (Eb). The calculated results are obtained under the assumption of a stable

streamer propagation field, Eg = 500 kV/m.
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4.4 Positive streamer discharges along insulating surfaces (Paper III) 

4.4.1 Introduction

This is the first study in which we have introduced a dielectric insulator surface into the three

electrode system. We have investigated the propagation of positive streamer discharges along

4 silicone rubber surfaces with known differences in material composition. The differences

between the investigated surfaces were the filler content and the addition of extra silicon oil.

Based on the results of the study, several characteristics of the streamer propagating in air and

along the polymeric surfaces are compared. These characteristics are:

•  Streamer propagation in low electric fields

•  Minimum and stable streamer propagation field

•  The streamer velocity

•  The charge distribution of a streamer propagating along an insulator surface

•  The effect of the dielectric constant and accumulated (deposited) charge on the

dielectric surface prior to the streamer propagation

In the last case the investigations were performed using 2D field calculations of a streamer

placed at some height above the surface of the insulator. The streamer was represented as a

cylindrical channel of radius 50 µm and ended with a hemispherical head. The potential

gradient assigned was 500 kV/m and its extension in the gap was 1 mm. 

The experimental set up used in the measurements is shown in Figure 4.4.1. The silicone

rubber surfaces were prepared to fit the dimensions and shape of the electrode gap. They were

all 4 mm in thickness, 92 mm wide and of length 35 mm (the gap length). Only one surface

was inserted between the two parallel electrodes during each test. The edges of the surface

were in tight contact with the two parallel electrodes in order to keep the surface in position in

the gap. The needle was located ~1 mm above the dielectric surface.
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Figure 4.4.1. The position of the silicone rubber surface: (a) view from side and (b) view from

above. The arrows in (b) indicate the defined current directions for the currents on the needle,

the anode and the cathode respectively. The indicated voltages Un and Ui are the applied

voltages on the cathode (negative, DC) and the needle (an impulse of amplitude 4 kV)

respectively.

4.4.2 Results and conclusions

Figure 4.4.2 shows the results of measurements in the case of streamers propagation in low

background fields (average field E = 285 kV/m). The diagram shows the measurement of the

current on the needle along the four silicone rubber surfaces and in air. As can be observed

there is a clear difference between the four investigated surfaces. First of all, we observe that

surfaces 1, 3 (these surfaces did not contain extra silicon oil in the silicone rubber) seem to

have lower current magnitude on the needle current compared to surfaces 2, 4 (which

contained extra silicone oil). What is somewhat astonishing is that the current for surface 1 is

almost identical to that of the surface 3. The same similarity exists between the currents of

surface 2 and 4.  This indicates that the streamer current is strongly dependent on the type of

surface present in the gap. Another interesting observation is that the needle current in the

presence of the silicon rubber surfaces is always larger in magnitude compared to the case of

air. This would imply that there is more charge in the streamer, i.e. more charge injected into

the gap, in the presence of the dielectric surface.

Un Ui

Cathode Anode
Needle

Insulator
surface

Un Ui

(a)
(b)
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Figure 4.4.2. Comparison of the streamer current on the needle for the four investigated

silicone rubber surfaces and the case of air (dotted curve). The average field was 285 kV/m.  

If we increase the background field, we observe that the differences between the four surfaces

become less apparent. This indicates that for high fields the streamer will cross the gap,

almost independently of the surface type. Further, at higher fields the differences between the

surface currents and the current in air diminish. This observation is of great interest since it

indicates that at high fields the streamer discharge along the insulator surface behaves more

like an ‘air discharge’.    

One important feature essential to the understanding of how a streamer and a dielectric

surface interact, is the velocity of a streamer when it propagates along the surface. Figure

4.4.3 shows the results of such measurements obtained for the surfaces investigated in this

study. For comparison purposes the results obtained in air are also shown in the same figure.

As can be seen, the speed of the streamer increases with increasing electric field. This is not

so surprising since the field at the tip of the streamer will be higher for larger background

fields leading to higher streamer speeds. One can also notice that the speed of a streamer

propagating along a surface is always higher than the speed of a streamer propagating in air in

the same field. However, the differences in the speed between different surfaces are hardly

distinguished. This indicates that the speed of the streamer is not significantly influenced by

the nature of the material of different surfaces. This observation seems to agree well with the

results obtained in [1, 10].
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Figure 4.4.3. The mean velocity (v) of the streamer propagation as a function of the average

electric field (E).

Some results obtained for the charge distribution of the streamer propagating along an

insulator surface are presented in Figure 4.4.4. It shows the induced charge on the anode for a

silicone rubber surface. Comparison of this curve with the ones given in Figure 4.2.3 shows

that the charge in the streamer along the insulator surface is not only located in the front part

of the streamer but  to some extent is also distributed along the streamer channel. 

Figure 4.4.4. Induced charge on the anode during the streamer propagation for a silicone

rubber surface. The figure shows that the streamer charge in the presence of the insulator

surface is not only located in the front part of the streamer, but rather, certain amount of

charge would spread along the streamer channel.
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We investigated the capacitive effect of the surface (i.e. the effect of the dielectric constant)

by comparing the maximum electric field at the tip of the streamer head with and without the

presence of the dielectric surface. The effect of a charge deposited or accumulated on the

dielectric surface prior to the streamer propagation was investigated by assigning a surface

charge σ to the insulator surface and then comparing the maximum field at the tip of the

streamer with and without the presence of the charge layer. The main conclusion that could be

drawn out from the simulations was that the dielectric constant would increase the electric

field at the tip of the streamer. Moreover, the surface charge could either enhance or reduce

the electric field depending on its sign.  Since the streamer speed and the current were closely

controlled by the background electric field, one could conclude that, depending on its polarity,

the surface charge could either increase or decrease the streamer current or speed. 
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4.5 Positive streamer discharges along liquid dielectric surfaces: effect of

dielectric constant and surface properties (Paper IV)

4.5.1 Introduction

This section presents investigations on positive streamer discharges propagating in air along

the surface of two non-mixing dielectric liquids. By measuring the currents associated with

the streamer discharge propagating along the surface of the two non-mixing liquids for

varying ratio of their volume, we analysed the effect of the dielectric constant (the capacitive

effect) and the surface properties. Especially, we separated and quantified the magnitude of

each contribution. Also, by using a simple model of the streamer discharge, we determined

with a 3D field calculation program (called ANSYS [11]) the capacitive behaviour of the two

non-mixing dielectric materials. 

A Plexiglas box (of dimensions 120x35x65 mm) was introduced between the two Rogowski

electrodes. The box was filled with two non-mixing dielectric liquids to the edge of the

Plexiglas (edging at 3 mm under the needle). It was possible to change the amount of each

liquid by a hole placed at the upper side of the box. The starting point of every experiment

was to fill the box with one liquid, record streamer currents for a given background field and

needle voltage. Then, level by level the initial liquid was covered by an increasing layer of the

second liquid (obviously, the same amount of the first liquid was removed before that). At

each level, streamer data were recorded until the second liquid finally filled the box. In this

way, we obtained the streamer currents at the needle and cathode from the propagating

streamer as a function of the relative volume of the liquids. Two investigations were

performed, one in which silicon oil (εr = 3) was floating at the top and glycerol (εr = 46) was

at the bottom and another in which transformer oil (εr = 3) was floating at the top meanwhile

glycerol was again located at the bottom.

4.5.2 Results and conclusions

Figure 4.5.1 shows the averaged peak current amplitudes at the needle as a function of the

volume V of silicon oil floating over the glycerol in a background field of 500 kV/m. The
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average was formed using 10 individual events obtained at each particular silicon oil level.

The average for only air, silicon oil and glycerol are also included in the figure as horizontal

lines at the current levels 0.0202 A, 0.0272 A and 0.0591 A, respectively. The figure also

shows a curve-fit of the averaged points for varying volume V of the silicon oil using a

polynomial function. The curve-fit has been made for all points except the point

corresponding to the glycerol surface, that is V = 0. 

Figure 4.5.1. Polynomial curve fit of the average streamer peak current magnitude at the

needle as a function of the volume V of silicon oil over the glycerol. The extrapolated point

from the fitted curve at V  0 is different than the actual measured point at V=0.

From Figure 4.5.1 we can see that when the amount of glycerol is increased, the streamer

current magnitude increases. However, since the surface properties of glycerol are not active

yet, this increase must be only due to the dielectric constant of the glycerol. Indeed, what is

going on here is that we are artificially changing the dielectric constant of the silicon oil from

3 to 46 when increasing the amount of glycerol. In the limit when the silicon oil volume is

zero, that is V = 0, we can see from the extended fit that the increase in the streamer current

due to the change in the dielectric constant from 3 to 46 would be about 2.6 times the value

obtained for the silicon oil only (that is 0.072/0.0272). However, when we compare the

measured point for the real glycerol surface with the extended fit at V=0 we notice that there

is a slight shift of magnitude 0.013 A between these values. This means then that the real
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glycerol surface does not behave as the fictitious silicon oil material. Thus, the difference in

current magnitude must be due to the effect of the glycerol surface properties compared to the

silicon oil material. In this way we have quantified the capacitive contribution compared to

the surface properties.

We have used a 3-dimensional field calculation program, which is based on the finite element

method, to determine the electric field distribution in the three electrode system in the

presence of the two non-mixing dielectric materials. The purpose is to check whether we can

reproduce numerically the observed dependence on the dielectric constant apparent in the

measurements. A very simplified model of the streamer propagating along the surface was

used in the simulations. The streamer was represented as a cylindrically conducting channel

of length 1 cm which is in contact with the needle electrode. Figure 4.5.2 present the results of

the simulations. It shows the charge in the streamer channel as a function of the volume V of

silicon oil (or transformer oil) above the glycerol. The results are normalised by dividing the

calculated values of the streamer charge by the value obtained when εr = 3 (i.e. when only

silicon oil is present). The results of the simulations for two different streamer heights above

the uppermost insulator surface 1 mm and 3 mm respectively are included in the figure. 

Figure 4.5.2. Results of simulations of the normalised streamer charge as a function of the

relative volume of the two materials with εr = 3 and εr = 46. Results are shown for two

different heights (1 mm and 3 mm respectively) of the streamer above the uppermost surface. 
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The main conclusion that can be drawn from the diagram is that the increase in streamer

charge with increasing dielectric constant observed in the measurements is reproduced

qualitatively in the simulations. But there are some differences in the details. In the

measurements the charge increased by a factor of about 2.5 when the dielectric constant is

increased form 3 to 46. In the simulations we obtained a factor of about 1.3. The second curve

in the diagram shows the results when the streamer height is 1 mm above the insulator

surface. Interestingly, now one can observe a higher contribution from the capacitive effect.

We anticipate therefore that as the streamer comes closer and closer to the insulator surface (it

could in principle propagate on the surface) the quantitative difference between the

measurement and simulation decreases. 
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4.6 3D simulations of streamer branching in air (Paper V)

4.6.1 Introduction

This section presents the computer program developed for simulating the propagation of a

streamer discharge in 3D space taking into account the streamer branching effect. The

simulations are based on the computation of the electric field distribution. This means that

processes like streamer propagation, propagation direction, branching inception condition,

branching angle, propagation step length, etc. are all determined by the obtained electric field

distribution. Each of the individual streamer filaments are considered as perfectly conducting

cylindrical channels ended with a spherical head. In each simulation step, Laplace’s equation

is solved and the electric field in the space around the tips of the existing branches is

determined to check whether criteria for streamer propagation and streamer branching are

fulfilled. If the conditions are satisfied then new segments are added to the previous ones

(either a continuation or a multiplication of the previous branch). In order to correctly

evaluate these conditions for each branch in each simulation step, a numbering is required of

the different branches. The figure below, Figure 4.6.1, illustrates schematically the

identification procedure adopted in the algorithm. The simulation step (which is identical to

the propagation step) is defined as the parameter i (an integer). It starts with the value equal to

1 (if there is an initial streamer incepted) and then increases for each advancing step until the

streamer eventually reaches the other side of the electrode gap. There is also defined the

integer parameter ki which acts as a counter of the total number of branches existing in each

specific simulation step. It starts with the value k1 = 1 at step i = 1 and increases for each

branch added. If, for example, in step i = 2 only one branch exists then k2 = 1. However, if a

multiplication is taking place in the second simulation step, then k2 = 2. Finally, the integer

parameter j is a running variable acting as an identifier of the individual branches for each

specific step. We simply assign the individual branches increasing numbers of j, starting from

1 until we reach the total number of branches in that step, that is, the parameter ki. See Figure

4.6.1.
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Figure 4.6.1. Illustration of the identification procedure adopted in the streamer branching

simulation. For each level i there exists ki number of branches. The parameter j is the

numbering of each individual branch from j = 1 to j = ki. On every level i, for each time a

branching exists then ki+1= ki+1+2, for each time the streamer continues without branching

then ki+1= ki+1+1.

The list below shows the main important parameters needed to be checked and evaluated for

each branch in each advancing step.

•  Streamer propagation

•  Streamer branching

•  Propagation direction

•  Branching angle

•  Streamer step length

The streamer inception condition determines whether a particular filament will continue or

stop. The streamer branching condition determines for each branch whether a new branching

is taking place or not. If there is no branching occurring in the next step to come then only one

segment is created, that is, a continuation of the previous filament. However if a branch is
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incepted (that is the branching condition is satisfied) then we add a branched filament. In the

simulation algorithm developed we need also to evaluate in which direction each created

branch of the streamer must propagate. Since all existing branches are interacting with each

other through the action of the electric field, we need to determine the electric field in the

region around the tip of each branch and see where the electric field is maximum and then

direct the next branch to come in that direction. Concerning the branching angle, there exist

two angles of freedom for each particular branch added. The first one is the angle between the

two developed branches. The second one is the angle of rotation of the whole branch around

the axis pointing in the maximum field direction. In the simulations we assigned the angle

between them as 40 degrees. The angle of rotation of the whole branch was trickier to assign.

See Paper V for more details. Finally, a step length was calculated for each branch in each

simulation step (this corresponds to a local speed on each branch). This was made equal to the

distance from the streamer head at which the electric field decreased below the value 2.6

MV/m.  

4.6.2 Results and conclusions

Simulations have been performed of various situations. We have studied when the streamer

propagates in air and in air along a dielectric surface. In the case when a dielectric surface is

introduced into the gap we have especially investigated the effect of the dielectric constant on

the streamer branching process. As a first exemplification of the simulations, we will present

streamer branching taking place in air. The conditions used are as follows: The cathode

electrode is stressed with a negative voltage of magnitude –17.5 kV and the anode is

grounded. The needle, which is sticking out from the centre of the anode is stressed with a

positive voltage of magnitude 2.5 kV. This is the calculated minimum voltage needed for

streamer inception. The radius of the streamer is set to 50 µm and the streamer branching

angle is set to 40 degrees. Figure 4.6.1 (a), (b) and (c) shows results of streamer branching

simulations after the first, second and third advancing steps, respectively. Figure 4.6.1 (a) and

(b) shows the electric field distribution in a cross section, meanwhile Figure 4.6.1 (c) shows

the electric field distribution at the surface of the needle and the branched streamer. The

electric field magnitude is quantified by a colour bar placed at the bottom of each figure. As

can be seen in graph 4.6.1 (a), the first streamer from the tip of the needle is incepted. This

means that the electric field distribution in the space around the tip of the needle is high

enough to incept an initial streamer. From the electric field distribution in Figure 4.6.1 (a),
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one can observe that the magnitude of the field is higher closer to the tip of the incepted

streamer. This means that the next incepted streamer will be directed almost vertically up in

the figure. Figure 4.6.1 (b) shows the result of the next step. As can be observed, now the first

branching process is taking place. This reveals that the electric field magnitude in the space

around the tip of the previous incepted streamer in figure 4.6.1 (a) was high enough to incept

a branched streamer. Observe in figure 4.6.1 (b) that the electric field distribution around the

tips of these two developed branches is such that the direction of the streamer branches in the

subsequent step will be as if they are repelling each other. In figure 4.6.1 (c) is shown the

branching pattern of the third step. As can be observed, there has been a multiplication again

of the branches that existed in the previous step. This means that the resulting number of

branches after three steps is 4. Also, as was anticipated in figure 4.6.1 (b), the developed

branches are directed in such a direction as if they are repelling each other. Actually, even in

this figure 4.6.1 (c) we can infer that the next streamer step to come, the branches will further

repel each other. For further simulation steps and corresponding conclusions see paper V.

As a second exemplification we will present the simulations when a dielectric surface is

introduced into the electrode gap. The insulator surface has been placed 3 mm beneath the

needle electrode. The length of the surface is 35 mm (the gap distance), the width is 35 mm

and the thickness is 3 mm. In the performed simulations, we have investigated the case when

the dielectric constant εr of the insulator is 81 (this would correspond to a water surface). The

reason for choosing this high value on εr is to make sure that some of the expected effects will

be more visible in the simulations. The boundary conditions applied when the surface is

introduced into the gap are almost the same as in the basic example presented previously. The

background field is 500 kV/m, the streamer radius is 50 µm and the branching angle is 40

degrees. Further, we calculated that the minimum voltage for inception of the first streamer is

1.8 kV. Figure 4.6.2 is a magnified view, showing in more detail the branching pattern of the

streamer discharge. The discharge has accomplished 6 simulation steps. It is interestingly to

see that there is indeed a distinguished effect when introducing the surface into the gap. As

can be observed in Figure 4.6.2, there are more branches developed in the direction of the

surface. Especially, there is one branch which seems to be completely deviating towards the

insulator. Most probably this branch will hit the surface after some few more steps. It is of

interest to observe that this branch which is approaching the surface has developed multiple

branches in the 4th, 5th and 6th step. 
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Figure 4.6.1. Results of simulations showing the electric field distribution and the branching

pattern for the (a) first, (b) second and (c) third simulation steps respectively. The branching

process is taking place in the second and third steps. 

a)

b)

c)
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All these observed effects must be solely a consequence of the field enhancement in the air

caused by the dielectric constant of the surface, that is, due to the polarisation charge of the

dielectric which ‘attract’ the developing branches. Note, however, that the branch which is

approaching the insulator seems to have reduced step length in step 6 compared to the

previous steps. This is not an expected behaviour. We know that the step length of the

branches ought to increase as they approach the dielectric due to the increasing electric field.

The main reason for this observed discrepancy is the accuracy in the mesh generation. Indeed,

the last simulated step is not accurate enough because we had to decrease the mesh density in

the computation domain due to lack of computer memory. 

Figure 4.6.2. The figure shows a detailed view of the branching pattern of a streamer

propagating along a dielectric insulator surface. As can be seen, the streamer branching

pattern is deviating towards the dielectric material. Also it seems to be more branches in the

direction of the insulator. This indicates that the effect of the dielectric surface is to enhance

the electric field and thus ‘attract’ the streamer.
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5. Initiation of ground flashes: some microscopic electrical

processes associated with precipitation particles (Paper VI)

5.1 Introduction

In this project the conditions under which electrically interacting water drops can give rise to

streamer discharges are investigated. The field enhancements associated with the electrical

discharges between water drops are quantified and the minimum number of drops that should

take part in such an interaction to generate a streamer in a given background electric field are

derived. The background for the investigation is to determine if this kind of interaction

between multiple drops in a background field can establish the conditions necessary for the

initiation of lightning flashes. Figure 5.1.1 below illustrates the main idea behind the

investigation conducted. It shows what happens with the electric field magnitude at the

peripheral ends of two water drops placed in a background field just before and after a

discharge has occurred between them. When the drops are not connected with a discharge

channel (Figure 5.1.1.a), there is a field enhancement in between the drops. However, when

the drops are connected (Figure 5.1.1.b), there is a field enhancement at the peripheral ends of

the two drops instead. The main assumption in the calculations is that, when the drops are

connected with the discharge channel, then the whole system-drops and channel-is treated as a

conductor. The motivation for this procedure is that the conductivity of water drops is

assumed to be high enough that the charge carriers in the drops have enough time to

redistribute in the background field before the decay of the discharge channel.
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a)

b)

c)

Figure 5.1.1. Equifieldlines (surfaces of constant electric field) for two water drops a) before

and b) after discharge. In case b), there is a conducting channel connecting the two drops. c)

Electric field as a function of distance from the outer ends of the water drops. Background

field 200 kV/m, drop radius 2 mm, gap distance between the two drops 0.39 mm.
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In the calculations performed, the discharge between the two drops was assumed to be

achieved when the electric field surpassed the value 1.5 MV/m, which is the breakdown

voltage in air at 500 mbar and at 273 K. This assumption is justifiable since the electric field

in the space between the drops was approximately uniform. However, the electric field was

not uniform at the peripheral ends. In this case, the initiation of the streamer discharge was

evaluated using Townsend’s primary ionisation coefficient α and the attachment coefficient η

according to the streamer inception condition presented in chapter 2, section 2.4.1. The

following specific procedure was used to investigate the conditions for initiation of streamer

discharges:

•  Place two drops of known size in a uniform background field of known magnitude.

•  Vary the distance between the drops and check at what distance breakdown occurs in

between them. 

•  When this critical distance between the drops is found, connect them with a thin

conducting channel, treating the whole system as a single conductor.

•  Check the electric field at the ends of the connected drops. Use the condition of

streamer initiation described above to see if a streamer can be initiated at the ends

because of the field enhancement.

•  If a streamer is not obtained, put two new water drops at each side of the two-drop

system and again search for the critical breakdown distance to the newly added drops.

5.2 Results and conclusions

Table 5.2.1 below shows the background fields necessary for obtaining a streamer discharge

at the periphery of two water drops for some typical drop radius. Also included in the table is

the critical distance between the drops for each corresponding drop radius. The main

conclusion from Table 5.2.1 is that the larger drops can more easily initiate discharges

between the drops. Furthermore, one can see from the table that with decreasing drop radius,

the critical distance between the drops is reduced. This means that the larger drops can create

discharges at larger distances from each other as well. Thus, this analysis implies that larger

drops are more favourable for the initiation of discharges, and, in addition, that they do not

need to be very close to each other to initiate them.
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Drop radius 

     (mm)

Background field 

       (MV/m)

Gap between drops    

          (mm)

0.1 1.41 0.62

0.5 1.20 1.52

1 1.14 2.67

2 0.97 3.83

3 0.89 4.88

4 0.83 5.94

Table 5.2.1. Necessary background fields to create streamers from pairs of spherical water

drops with a connecting discharge channel.

Table 5.2.2 below shows the critical number of drops needed to create a streamer from the

periphery of the system in different background fields. This is evaluated for a few typical drop

radii. The length of the drop chain indicated in the table is the distance spanned by the drops

when they are stretched out in a chain with the corresponding critical distance between them.

The metal rod length shown in the last column of the table is the length an equivalent metal

rod would need to have if it were to give rise to a streamer discharge from its ends. As can be

seen, this length is almost the same magnitude as the drop chain length when the critical

distance is used. Thus the length of the equivalent metal rod can be used to estimate the length

of drop chains longer than those investigated. Also, as can be seen very clearly in the table,

with an increasing number of drops, the electric field needed to initiate streamer discharges is

reduced. This indicates that with more drops in a system it becomes easier to initiate a

discharge, a fact that is very favourable for lightning, since an enormous number of small

drops are present in the cloud, and since the turbulent winds are likely to bring them close

enough to each other. Therefore, this study provides an explanation of how lightning flashes

are initiated in thunderclouds in background electric fields as low as 200 kV/m.
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Drop radius

 (mm)

Background field 

(kV/m)

No. of drops

in chain

Length of drop

chain (mm)

Length of

metal rod

(mm)

100 – – 65

200 – – 290.1

600 14 7 7

100 – – 179

200 – – 781

600 6 20 18

100 – – 269

200 20 120 1142

600 5 30 26

100 – – 344

200 – – 1463

600 – – 32

Table 5.2.2. Number of drops and total length of drop chain, including the equivalent metal

rod length, that would be required to produce a streamer for a given drop radius and

background electric field.
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6. The Franklin lightning conductor: conditions necessary

for the initiation of a connecting leader (Paper VII)

6.1 Introduction

Benjamin Franklin was the first person to suggest that a conducting rod can be used to protect

buildings and structures from the hazards of lightning. Franklin originally thought that the

lightning rod will silently discharge the electric charge in the thunder cloud and thereby

prevent the inception of lightning. Today we know however that this is not true. The only

purpose of the lightning rod is to intercept the lightning strike by launching a connecting

leader when the down coming stepped leader approaches close enough to the rod. In recent

years there have been intensive discussions about how the Franklin rod really works and

whether it is possible or not to increase the efficiency of the lightning interception from a

Franklin rod. Especially, the question is how the dimensions of the Franklin rod influence the

interception of a connecting leader. This work presents results of simulations performed on

the initiation of a connecting leader from a Franklin rod. The successful launching of a

connecting leader form the Franklin rod requires the inception of a streamer discharge from

the rod and its transformation into a leader (i.e. streamer to leader transition). By using simple

models of a propagating stepped leader approaching the ground, we have in this paper

investigated the occurrence of these physical processes at the Franklin rod.

The figure below, Figure 6.1.1, illustrates schematically the configuration used in the

simulations. The cloud is simulated by an infinitely large flat plate at a given potential located

at a height 5 km above the ground surface. This arrangement provides a uniform field

between the cloud and the ground. The stepped leader channel (radius 20 mm) is simulated by

a perfect conductor, at cloud potential, that extends in steps towards the ground. The Franklin

rod (modelled as a cylindrical conductor which ends in a half-sphere having a radius equal to

that of the cylindrical section) is assumed to be located directly under the down coming

stepped leader. The height H indicated in the figure is the height of the tip of the stepped

leader above ground.
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Figure 6.1.1. The figure shows a schematic illustration of the configuration used in the

simulations.

By using a finite element routine [1] electrostatic field simulations were performed of a

stepped leader approaching ground in discrete steps. In each advancing step of the down

coming leader, the following conditions were checked at the tip of the Franklin conductor to

see whether they are satisfied and their order:

•  inception of a streamer discharge

•  streamer to leader transition

The first condition is the one presented in section 2.4. The streamer to leader transition was

assumed to take place when the electric field up to a distance of 3 m from the tip of the

Franklin conductor is greater than or equal to 500 kV/m [2, 3]. This condition is based on

experimental observations since it has been found that when a streamer propagates for about 3

m then it will convert itself to a leader. What we do here is to check the magnitude of the

electric field at a distance of 3 m from the Franklin rod. If we find that the field is exceeding

the value 500 kV/m, it means that a streamer will be able to propagate this distance and

therefore will be able to convert itself to a leader.
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6.2 Results and conclusions

We performed simulations to investigate the effect of the radius and the length of the Franklin

rod on the inception of the connecting leader. Also we performed simulations to investigate

the effect of the background field (the cloud potential) on the inception of the connecting

leader. Figure 6.2.1 presents one of the simulation results obtained. It shows the height of the

stepped leader tip from ground level when condition 1 and 2 are satisfied at the Franklin rod

as a function of the rod radii. The height of the Franklin rod was 10 m and the applied voltage

in the cloud was 100 MV (negative). 

Figure 6.2.1. The figure shows simulation results of the height of the stepped leader tip from

ground level when condition 1 and 2 are satisfied at the Franklin rod as a function of the rod

radii. 

The results presented in Figure 6.2.1 are important since they show that with Franklin rods of

radius less than about 0.35 m, any attempt to artificially initiate a streamer will not result in

any increase in the attractive radius (the height of the stepped leader tip when a connecting

leader is initiated from the Franklin rod) because the artificially initiated streamer will not be

converted into a connecting leader. Artificially initiated streamers may lead to connecting

leaders only if the radius of the Franklin rod is larger than about 0.35 m. However the gain in

the attractive distance by an artificially initiated streamer will be only about 30 %. 
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7. Future work

There is obviously much work remaining in the field of high voltage insulators until a detailed

understanding is reached of their performance under all possible environmental conditions. In

particular, there is much work left until a detailed knowledge can be gained of the different

processes involved when a discharge propagates along an insulator surface.

In this chapter some suggestions and ideas concerning possible work to be done in the future

are presented. There is no doubt that this work will further enhance the knowledge and

understanding of the performance of outdoor high voltage insulators. 

In the case of the investigations on streamer discharges in air and along insulator surfaces

(Chapter 4) there is obviously a need to attack the problem in a more rigorous way. As has

been mentioned previously, today it is possible to study the discharge process in air and other

gases by solving numerically the hydrodynamical transport equations for the involved species.

Hopefully this approach can be implemented in the future and would be used to analyse

experimental data-both on streamer discharges in air and along an insulator surface. However,

as has been explained previously, one of the main problems when using this approach is that

the different source terms in the involved equations are not known when a surface is

introduced in the system. Therefore, one of the main future aims must be to perform both

experimental and theoretical investigations to find these terms, or at least, to find out the

extent to which they are contributing to the surface discharge.

One simple and straightforward procedure that could be worked out in the near future to

reveal the significance of these source-terms is suggested below:

•  Solve the transport equations for streamer discharges in air. Use, for example, the

experimentally obtained data presented in Chapter 4.2, 4.3 and those parts in 4.4

dealing with propagation in air as a first investigation and check the validity and

reliability of the method.  
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•  Add the dielectric surface into the system and solve the same continuity equations as

before, but solve the Poisson’s equation using the configuration with a dielectric

surface present. That is, by assuming that the only contribution of the dielectric

surface to the electrical discharge is the electric field enhancement caused by the high

dielectric constant (similar to the investigations presented in Section 4.4 and 4.5). The

advantage with this approach, however, compared with the procedure given in

Sections 4.4 and 4.5, is that it will lead to a dynamic description of the streamer

discharge. Using this approach it will be, for example, possible to gain knowledge on

how the radius of the streamer and streamer velocity are affected when the surface is

introduced. Also using this approach, it will be possible to find out the exact path

traversed by the streamer in the presence of the surface. It will especially tell us

whether there will be an attraction or a repulsion of the streamer by the insulator

surface. The influence of a previously deposited charge on the insulator surface could

also be investigated here.

•  Obtain experimental data from the three-electrode system on streamer discharges

propagating along an insulator surface and check how much difference there is

between these results and the calculations in the previous point.

The three dimensional streamer simulation algorithm presented in the thesis has to be

developed further to simulate the behaviour of streamer discharges both in the absence and

the presence of insulating surfaces. However, in order to reach that stage the method has to be

validated by comparisons with measurements. Especially, a physically correct streamer

branching inception condition should be found. Also the local speed and the path traversed by

the individual branches should be compared with measurements to test the validity of the

computations. Finally, in the case of the insulator surfaces other processes besides the effect

of the dielectric constant should be included in the algorithm.

As far as the work presented in Chapter 5 and 6 (the last two published papers) is concerned,

there is obviously also much work remaining to be done. One can adopt the following

approach in the future. 
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In the study dealing with the interaction of water drops it is important to include the dynamics

of the water drops by taking into account the effects of gravitational forces. Moreover, it is

necessary to include the effects of air turbulence and the electrical forces acting on the water

drops which will probably decide the number and size distribution of particles in a given

volume or in a given surface area. These advancements will provide valuable information that

will aid in predicting the probability of flashover across insulating surfaces and initiation of

lightning discharges in the cloud.

Concerning the attachment of a connecting leader to a Franklin conductor, one should develop

the calculations further by including more realistic structures. Moreover, the modelling of the

leader could be improved by including, for example, the branching process. The criterion for

inception of a connecting leader is still empirical and could be improved. The propagation of

the connecting leader should be included in the model so that the effect of multiple connecting

leaders from a given structure or from different structures could be investigated. Even here the

branching process could be incorporated.
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